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Abstract

Chronic Alcohol Consumption Induces Alveolar Epithelial
Barrier Dysfunction in vivo

By Lauren Jeffers

Chronic alcohol abuse is a major risk factor for developing Acute Respiratory Distress
Syndrome, a serious lung condition and a form of respiratory failure characterized by widespread
airspace flooding and inflammation. One mechanism by which alcohol use weakens the integrity
of the alveolar epithelial barrier is by changing the composition of tight junction proteins that are
critically necessary to maintain a functional air-liquid interface. Previously, we have shown that
alcohol exposure increases the paracellular permeability and decreases the transepithelial
resistance across alveolar epithelial cells in vitro. Here, we first establish a novel model using
Evans Blue dye to assess paracellular permeability across both epithelial and endothelial barriers
in vivo using a murine animal model. We then tested the effects of alcohol and an endotoxemia
injury on pulmonary function by comparing direct (intratracheal, IT) to indirect (intraperitoneal,
IP) administration of lipopolysaccharide (LPS). Chronic alcohol ingestion primes the lung for
increased alveolar macromolecular leak when coupled with either route of endotoxin injury and
further compromises the vascular endothelial barrier when the LPS is administered directly (IT).
Moreover, we show that nebulized treatment of a mimetic peptide of a tight junction-associated
protein rescues the alcohol-mediated alveolar leak in mice treated with IT-administered LPS.
Additionally, we begin to test Klebsiella pneumoniae as a model for infectious pneumonia and
its effect on alcohol-primed lungs. We found a disease burden-dependent increase on alveolar
permeability and that alcohol-fed mice had decreased bacterial clearance, providing a potential
new infectious injury model against which barrier-enhancing therapeutics can be tested.
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Chapter 1: Introduction

Lung anatomy

The lung is a vital organ that is required for respiration to oxygenate blood. Lungs bring oxygen-
rich inspired air in close proximity to relatively deoxygenated venous blood in the pulmonary capillaries.
The conducting zone of the respiratory tree is responsible for warming, humidifying, and filtering inspired
air but does not participate in gas exchange. The conducting zone is made up of both large airways
(trachea, and bronchi) and small airways (bronchioles). The respiratory zone is responsible for gas
exchange and consists of respiratory bronchioles, alveolar ducts, and the alveoli.

Inspired air flows from the trachea to the left main and right main bronchus which are then
subdivided into five lobar bronchi. Each lobar bronchus then divides into segmental bronchi, further
branching into 20-25 more generations before terminating in a terminal bronchiole which marks the end
of the conducting zone and beginning of the respiratory zone. The terminal bronchioles branch into
several generations of the respiratory bronchioles. Each respiratory bronchiole can give rise to 2 to 11
alveolar ducts that each form 5 to 6 alveolar sacs, the fundamental and structural unit of the lung. Airway
resistance is lowest in the alveoli due to the massive total cross-sectional area.

From a vasculature perspective, a main pulmonary artery supplies poorly oxygenated blood to
each lung. This main pulmonary artery divides into a right and left main pulmonary artery, that further
branches into lobar, segmental arteries, subsegmental pulmonary arteries, intralobular arteries, eventually
forming arterioles that lead to pulmonary capillaries which surround the alveoli. Blood that has been
oxygenated after passing near the alveoli is collected through venules that unite into larger vessels,
eventually draining each lung through pulmonary veins to carry freshly oxygenated arterial blood to the
left atrium heart to be delivered to the systemic vascular system.

The respiratory membrane consists of the alveolar and capillary walls, a thin structure through
which gasses are transferred between the outside environment and the bloodstream. Gases first cross

through the alveolar lining fluid that contains surfactant and is essential for maintaining lung function.
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Subsequent layers of the respiratory membrane are the alveolar epithelia which consist of simple
squamous epithelium and a basement membrane, a thin interstitial space, the capillary basement
membrane, and the endothelial cell membrane. The entire respiratory membrane is only 0.2 - 0.6um (Hall
& Guyton, 2011).

The alveolus consists primarily of three cell types, type | pneumocytes, type Il pneumocytes, and
alveolar macrophages. Type | pneumocytes are thin, squamous cells that are optimal for gas diffusion and
make up over 95% of alveolar surfaces (Weinberger et al., 2019). Type Il pneumocytes are more
numerous in the alveolus than type | pneumocytes but cover much less surface area as they are smaller
cuboidal cells dispersed between type | cells. These cells serve as precursors to regenerate other type 11
pneumocytes or differentiate into type | pneumocytes. Type Il pneumocytes are also responsible for
secreting surfactant and tend to proliferate during lung damage. Pulmonary surfactant is primarily made
up of phospholipids, surfactant proteins, and other neutral lipids and serve to increase pulmonary
compliance, prevent atelectasis, and reduces surface tension (Nkadi et al., 2009). Alveolar macrophages
are large phagocytic cells that phagocytose foreign materials and release cytokines and alveolar proteases

to remove foreign particles or microorganisms from the respiratory surfaces.
The epithelial barrier and tight junctions

The alveolar epithelial barrier plays an essential function to protect the underlying tissues from
the invasion of pathogens and regulate the paracellular flux of ions and solutes. These thin epithelial cells
fit closely together to enable simple diffusion of ions and passive water flow between tissues. Alveolar
epithelial cells are polarized, having an apical surface facing the luminal airway and a basal surface facing
the interstitial tissue of the lung. The polarized nature of the epithelia permits electrochemical gradients to
be created and to direct passive flow of water between tissues. Basolateral sodium, potassium ATPase
pumps actively drive extracellular potassium from the interstitium into the cells while simultaneously
pumping intracellular sodium out into the interstitium. This pump is paired with passive apical epithelial

sodium channels to direct the flow of sodium from the luminal airway into the lung interstitium, setting
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up an electrochemical gradient to direct the passive flow of water between tissues through aquaporins.

Different types of cell junctions bind epithelial cells together, enabling epithelia to maintain a
paracellular barrier and control paracellular transport. Desmosomes provide structural support via
interaction with intermediate filaments. Gap junctions permit electrical and chemical communication
between cells. Adherens junctions form a belt-like structure to connect the actin cytoskeletons of adjacent
cells. Lastly, tight junctions are the most apically located and regulate paracellular movement of solutes
and water between epithelial layers. Adherens junctions and tight junctions both contribute to the apical
junctional complex, a cell-to-cell adhesion system that maintains cell polarity and participates in signal
transduction.

Tight junctions form a branching network of sealing protein complex strands to form selective
channels for ions and water and control substance exchange, providing tissues both a physical as well as
charge-, ion-, and size-selective barrier. Tight junction strands are 10 nm in diameter but vary in number
and length (Schneeberger et al., 1978). Each strand is formed by a row of transmembrane proteins that are
embedded in both plasma membranes of adjacent epithelia cells. The major transmembrane proteins
associate with cytoplasmic proteins, such as ZO-1, to anchor the tight junction strand to the actin
cytoskeletal network. The primary transmembrane proteins found in tight junctions are claudins,
occludins, and junctional adhesion molecules, and the specific composition and dynamics of each tight
junction regulate junctional barrier properties (Colegio et al., 2003; Sasaki et al., 2003).

Claudins are the predominant protein in tight junctions that directly regulate barrier permeability.
This protein family is critical for paracellular barrier function and alone are sufficient to form tight
junction strands (Gunzel & Yu, 2013). Unsurprisingly, claudin-null mice die shortly after birth (10h) due
to hyperpermeability in the blood brain barrier (Nitta et al., 2003). Claudins are tetraspan transmembrane
proteins with intracellular N- and C- termini, resulting in one intracellular loop and two extracellular
loops (Hou et al., 2013; Hou & ScienceDirect, 2019). The carboxyl-terminal domain of claudins contain a
structural PDZ (postsynaptic density protein (PSD95), Drosophila disc large tumor suppressor (DLG1),

and zonula occludens-1 protein (Z0-1)) binding motif that plays a key role in anchoring transmembrane
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claudins to intracellular ZO-1 and other scaffolding proteins (Kennedy, 1995).

One class of claudins, the sealing class, function to limit fluid flux and form charge-selective
paracellular channels, often referred to as sealing claudins. Another class of claudins promote paracellular
flux and are categorized as pore-forming claudins. The charge-selectivity and barrier functional properties
of each type of claudins depend on the composition of its two extracellular loops.

The first and larger extracellular loop (EL-1) is primarily responsible for the paracellular selective
permeability of tight junctions (Colegio et al., 2002). The EL-1 loop contains two cysteine residues that
form a disulfide bond which stabilizes the EL-1 structure; loss of either of these cysteines prevent
claudins from assembling into tight junctions (Wen et al., 2004). The second, smaller extracellular loop
(EL-2) is responsible for claudin-to-claudin coordination by binding the claudin protein to a
corresponding claudin in a neighboring cell. Claudin proteins can associate with the same claudin
(homotypic) or a different claudin protein (heterotypic) on the same cell (cis-interaction) or with the
claudin of a neighboring cell (trans-interaction). There are only specific interactions that can take place
between different claudins which impact the permeability function. For example, claudins 2, 7, 10, 15,
and 16 increase paracellular cation permeability (pore-forming) while claudins 4, 8, 11, 14, and 18 have a
sealing function but not all of these claudins are expressed in the lung (Krause et al., 2008). Claudins 1, 2,
3,4,5,7,8,and 18 are expressed in alveolar epithelial cells (Daugherty et al., 2004; Kaarteenaho et al.,
2010; Soini, 2011).

The three most predominantly expressed claudins in the alveolar epithelium are claudins 3, 4, and 18
(LaFemina et al., 2010). Claudin 4 belongs to the sealing class of claudins and generally functions as a
paracellular sodium barrier (Colegio et al., 2003; Colegio et al., 2002; Van Itallie et al., 2001). Claudin 18
is highly expressed and specific to the alveolar epithelium as it is not found in the airways of the lung
(Coyne et al., 2003).

The transepithelial permeability of the alveolar barrier can be increased by inflammatory stimuli by
inducing junctional disassembly. Pathogenic bacteria will release pore-forming toxins, cytoskeleton-

modifying proteins, and bacterial lipopolysaccharide to disrupt the endothelial barrier (Ivanov et al.,
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2010). Additionally, mucosal immune cells induce inflammation by secreting proinflammatory cytokines
which leads to sustained epithelial barrier disruption, increasing host exposure to further or additional

insults (Ivanov et al., 2010).
Alcohol and acute respiratory distress syndrome

Acute respiratory distress syndrome (ARDS) is a severe and acute respiratory illness that allows
fluid to build up in the alveoli, impairing oxygenation. Diffuse alveolar damage to the alveolar-capillary
interface induces alveolar epithelial cells to release pro-inflammatory cytokines. These cytokines recruit
and activate neutrophils to induce free radical-mediated and protease-mediated damage of type | and type
Il pneumocytes as well as capillary endothelial cells. The increase in vessel permeability due to
membrane damage leads to leakage of a protein-rich fluid into the alveoli, causing widespread formation
of intra-alveolar hyaline membranes. The dysregulated permeability and weakened fluid clearance allow
fluid to filter from the pulmonary microvasculature faster than it can be removed from the airspace,
leading to noncardiogenic pulmonary edema (Ware & Matthay, 2001). Additionally, the loss of surfactant
contributes to further alveolar collapse.

In addition to alveolar epithelial injury, ARDS is associated with dysregulated lung inflammation.
Activated and functionally distinct neutrophils accumulate in the lung and alveolar space that have
enhanced chemotaxis, enhanced metabolic activity, delayed apoptosis, and a unique transcriptional profile
(Juss et al., 2015; Juss et al., 2016; Zimmerman et al., 1983).

Clinically, ARDS is characterized by hypoxemia and cyanosis along with respiratory distress due
to the thickened alveolar-capillary diffusion barrier and the increased surface tension, leading to alveolar
air sac collapse. Consequences of this alveolar insult include impaired gas exchange, decreased lung
compliance, and pulmonary hypertension. ARDS is commonly secondary to a variety of disease processes
that predispose the lung to distress, including sepsis, pneumonia, trauma, aspiration, pancreatitis, shock,
and hypersensitivity reactions. ARDS is a diagnosis of exclusion with several criteria, including bilateral

lung opacities, respiratory failure within a week of the alveolar insult, a decreased ratio of the partial
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pressure of oxygen in the arterial blood to the fraction of inspired oxygen, and symptoms of respiratory
failure that are not due to heart failure or fluid overload (Meyer et al., 2021).

As recently as 2016, one study found the hospital mortality rate of ARDS remains as high as 35-45%,
similar to the datasets that were used to validate the Berlin definition (Bellani et al., 2016; Force et al.,
2012). The incidence of ARDS is likely even higher than what is currently reported, as the Berlin
definition requires positive pressure ventilation. However, many patients with diffuse lung injury are
supported with high-flow nasal cannula and without mechanical ventilation (Algahtani et al., 2020; Force
etal., 2012; Meyer et al., 2021).

Currently, the only treatment for ARDS is to address the underlying cause and mechanical ventilation
support with positive end-expiratory pressure and low tidal volumes. Airspace flooding often destroys
alveoli which need to be repaired to establish a functional barrier; however, recovery of the respiratory
function is often complicated by damage and loss of type Il pneumocytes, leading to interstitial fibrosis.

Chronic alcohol abuse has long been recognized as an independent risk factor that increases the
incidence of developing ARDS by 3 to 4 fold (Moss et al., 1996; Moss & Burnham, 2003). The alcoholic
lung has impaired alveolar barrier function due to an increase in paracellular leakage of fluid into the
airspace, priming the lung for ARDS (Berkowitz et al., 2009; Burnham et al., 2009; Moss et al., 2003).
Without additional insults, the alcoholic lung can compensate for the disturbed fluid imbalance by
increasing compensatory fluid clearance mechanisms. However, when faced with an acute secondary
insult or trauma, the compensatory mechanisms are quickly overwhelmed which can lead to alveolar
flooding. Thus, longstanding alcohol abuse primes the lung to develop ARDS if exposed to an additional
injury, such as sepsis, ventilator-induced injury, or pneumonia (Moss et al., 2003).

Alcohol-induced lung injury is primarily mediated through oxidative stress. The lungs have a robust
antioxidant defense pathway due to their chronic exposure to environmental oxygen. Oxygen can be
transformed through enzymatic and non-enzymatic processes into reactive oxygen species (ROS).
Approximately 2% of inhaled oxygen generates these ROS, resulting in protein, lipid, and DNA damage;

severe oxidative stress can lead to apoptosis or necrosis (Domej et al., 2014; Lennon et al., 1991). ROS
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concentrations are reduced by antioxidant enzymes, such as superoxide dismutases and catalases, and
direct antioxidants, such as vitamin E, glutathione, and ascorbate which are found both intracellularly and
in the epithelial lining fluid (Domej et al., 2014; Rogers & Cismowski, 2018; Zhu et al., 1998). A

Chronic alcohol abuse decreases the level of the antioxidant glutathione in the fluid that lines the
alveoli, rendering the lung more susceptible to oxidative damage. Patients with a history of chronic
alcohol abuse have both decreased glutathione levels and increased levels of oxidized glutathione,
indicating oxidative stress that correlated with higher levels of proteinaceous fluid in their lungs
(Burnham et al., 2003; Guidot et al., 2000). Alcohol induces transforming growth factor B (TGF-f), a
signaling pathway which decreases glutathione and increases the production of ROS (Arsalane et al.,
1997; Jardine et al., 2002; Sturrock et al., 2006; Waghray et al., 2005). Additionally, one of the major by-
products of alcohol, acetaldehyde, generates oxygen radicals and can cause lipid peroxidation (Brown et
al., 2004; Lieber, 1993). Together, alcohol ingestion leaves the lung more vulnerable to a second

oxidative stress and more susceptible to developing ARDS.
Scope of Dissertation

This dissertation addresses key questions regarding the molecular mechanisms that describe alcoholic
lung disease, as well as poses potential new therapeutics to protect against the disease. In Chapter 2, we
describe a novel application of Evans Blue dye to test lung barrier function as a large molecule
permeability assay in vivo. We then use this assay in Chapter 3 to investigate whether chronic alcohol
primes the lung for either alveolar or vascular barrier disruption when coupled with an endotoxemia acute
lung injury. To further test whether the alcohol-mediated barrier disruption is sensitive to a non-
inflammatory injury, we probe the integrity of the alveolar barrier to increased hydrostatic pressure in
both alcohol and control animal models in Chapter 4.

After establishing the effect of chronic alcohol use on alveolar and endothelial permeability, we next
wanted to examine two potential therapeutics that specifically target the alcohol-mediated changes in

alveolar tight junctions. In Chapter 5, we evaluate the therapeutic potential of two peptide mimetics that
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target tight junction proteins, either directly or indirectly, to mitigate the effect of alcohol-associated tight
junction protein changes. Finally, in Chapter 6 we explore the potential of Klebsiella pneumoniae, an
infectious model of pneumonia, as a ‘second-hit’ injury to alcoholic lung disease. We propose that this
injury can potentially further characterize the molecular mechanisms of alcohol-mediated barrier
dysfunction as well as the therapeutic value of the peptide mimetics previously characterized. Together,
this dissertation aims to provide an in vivo murine model to characterize the detrimental effects of chronic

alcohol abuse and test the potential of new therapeutic peptides to mitigate that alcohol-mediated damage.
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Abstract

Lung fluid balance is maintained in part by the barriers formed by the pulmonary
microvasculature and alveolar epithelium. Failure of either of these barriers leads to pulmonary edema,
which limits lung function and exacerbates the severity of acute lung injury. Here we describe a method
using Evans Blue dye to simultaneously measure the function of vascular and epithelial barriers of murine

lungs in vivo.
Introduction

In order to efficiently mediate gas exchange, the lung needs to efficiently control fluid balance.
Injury and inflammation impair the control of lung fluid, resulting in pulmonary edema which, when
extensive, exacerbates lung injury and causes acute respiratory distress syndrome (ARDS) (Matthay &
Zemans, 2011). Control of the lung air/liquid barrier is predominantly mediated by two distinct systems,
the pulmonary microcirculation (Komarova et al., 2017; Mehta et al., 2004) and the alveolar epithelium
(Koval, 2017), failure of which can lead to interstitial fluid accumulation (tissue edema) and airspace
flooding, respectively (Figure 2.1). Tissue edema and airspace flooding both have the capacity to impair
gas exchange and exacerbate injury. Understanding the relative contributions of the vascular endothelial
and alveolar epithelial barriers in regulating lung fluid is critical to identifying effective therapeutic

approaches to the treatment of ARDS.

It has long been appreciated that Evans Blue dye (T-1824) preferentially binds to serum albumin

(Rawson, 1943), making it an effective marker for the ability of albumin to extravasate across
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barriers and accumulate in tissues. Albumin is a 68 kDa, native serum protein that has been
found to penetrate barriers and accumulate in airspaces in response to lung injury (e.g. (Bosmann
et al., 2012)), which underscores its utility as a marker for lung barrier failure. Albumin
permeability also is a particularly useful marker in that it can cross endothelial and epithelial
barriers by both the paracellular route through tight junctions (Schlingmann et al., 2015) and the
transcellular route through transcytosis (Martins et al., 2016; Sleep et al., 2013; Stewart et al.,

2017).

In contrast to direct measurement of albumin in different lung compartments by ELISA or
immunoblot, Evans Blue is easily measured by absorbance spectroscopy and is highly sensitive
(Moitra et al., 2007). This is particularly critical for measurement of dye accumulation in the
interstitium. Here we describe a protocol that enables the accumulation of Evans Blue in the
airspace and interstitial compartments to be simultaneously determined, in order to measure the

relative impact of injury on lung endothelial and epithelial barriers.

Materials

Evans Blue Injection

1. Dulbecco’s Phosphate Buffered Saline (DPBS) without Ca?*/Mg? (Corning/Mediatech

#21-031-CV, Manassas, VA)

2. Evans Blue: Make a 0.5% solution in DPBS by adding 0.05 g of Evans Blue
(MilliporeSigma E2129, St. Louis, MO) to 10 ml of DPBS (w/o Ca*/Mg*), then filter

sterilize. Store at room temperature protected from light.

3. Sedative/Anesthetic cocktail (20% Ketamine + 5% xylazine solution): Add 1 ml 100

mg/ml ketamine (Mylan Institutional NDC 67457-108-10, Galway, Ireland). and 0.25 ml
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20 mg/ml xylazine (Zoetis Inc NDC 59399-110-20, Kalamazoo, MI) to 3.75 ml DPBS

without Ca#/Mg?* to produce 5 ml total solution

4. lsoflurane (Piramal Enterprises Limited NDC 66794-017-25, Telangana, India)

5. 25G x 5/8 needles (BD PrecisionGlide #305122, Franklin Lakes, NJ) and 30G x 1

needles (BD PrecisionGlide #305128) (see Note 1).

6. 1 ml syringes (BD #309659)

7. Cotton Gauze Sponges, 5 x 5 cm (FisherBrand #22-362-178, Pittsburgh, PA)

8. Heat lamp

9. Small animal heating pad

Tissue Harvest

1. Animal surgical instruments: dissecting scissors, fine tip tweezers, smooth and rat tooth

forceps, dissection board.

2. Portable balance to weigh animals (Mettler Toledo PL6000-S or equivalent)

3. Mouse trachea tube (DWK Kimble Kontes Brand Microflex Syringe Needles-Blunt,

Fisher Scientific K868280-2001)

4. 5-0 Silk Suture (Ethicon #K870H, Somerville, NJ).

5. 21G x 1% needles (BD PrecisionGlide #305167).

6. 10 ml syringe (BD #302995).
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7. 1.5 ml conical microfuge tubes (Eppendorf, # 022364111, Enfield, CT). Each mouse
requires 3 collection tubes each for blood/serum, bronchoalveolar lavage (BAL) fluid,

and lung tissue.

8. Heparin (Aurobindo Pharma Limited NDC 63739-920-25, Memphis, TN) stock

concentration 1000 USP: Used to coat needle and syringe for blood collection.

9. Formamide (Electron Microscopy Sciences #15745, Hatfield, PA). Add 250 pl per tube

for extraction of lung tissue
10. DPBS with Ca*/Mg?* (Corning/Mediatech #21-030-CV)

11. Lavage solution: DPBS with Ca?*/Mg# containing 1:200 200mM phenylmethylsulfony!l
fluoride (PMSF, MilliporeSigma, # P7626) and 1:500 1 M NaF (MilliporeSigma
#S7920): Prepare 500 ul per mouse and keep lavage fluid on ice in an ice bucket

(see Note 2)
Tissue Analysis
1. Heating block (Fisher Scientific Dry Bath Incubator #11-718 or equivalent)
2. Refrigerated microfuge (Eppendorf 5415 R or equivalent)
3. Microplate reader (Biotek Synergy H1 Multimode Plate Reader or equivalent)
Methods
Tail Vein Injection of Evans Blue

1. Prepare 0.5% Evans Blue solution.
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Place mice in a cage under the heat lamp. Warm mice for 5 —10 min in order to dilate

blood vessels (see Note 3).

Weigh each mouse and intraperitoneally (IP) inject 10 ul/g body weight + 10 ul

ketamine/xylazine anesthetic cocktail. (see Note 4).

Place the mice back in the cage and allow anesthetic to take effect (see Note 5).

Place mouse on a platform so that the mouse is at a comfortable height and the tail hangs

over the edge.

Rotate the tail to locate the lateral tail vein and potential injection site. Make sure the vein

is facing upward (Figure 2.2).

Clean injection area with warm alcohol pad.

Fill syringe with 400 pl Evans Blue solution making sure to avoid air bubbles (see Note

6).

Hold the tail with the nondominant hand while stretching the tail so that the injection site

is visible and the vein is in a straight line.

Insert 30G needle at a 10-15° angle, bevel up, into the injection site. Advance needle
towards the head keeping the needle and syringe parallel to the tail. The needle should be

visibly in the tail vein (Figure 2.2).

Slowly inject 200 pl of dye into the tail vein of the mouse. If you have correct placement

of the needle the plunger will advance with ease (see Note 6).
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12. Place mouse on heating pad and wait 1 h (see Note 7). Evans Blue will clearly dye the

nose and footpads of treated mice (Figure 2.3).

Serum Collection

1. Rinse needle (21G) and 1 ml syringe with heparin in order to coat both needle and

syringe (see Note 8)

2. Sacrifice the mouse using an approved injectable anesthetic overdose procedure. A 1 mi

IP injection 1 ml of 20% Ketamine + 5% xylazine solution is sufficient (see Note 9).

3. Once unresponsive, pin mouse legs down on dissection board. Immobilize the head by
placing a suture loop around the front incisors and pinning the loop down to the

dissection board (see Note 10).

4. Wet the abdomen with water or ethanol to prevent fur from entering the abdominal cavity

and contaminating tissue. Cut open the skin and peritoneum along the midline.

5. Cut though the ribcage and open chest cavity so that the bottom of the heart is exposed.

6. Puncture the left ventricle with the 21G needle attached to the heparinized 1 ml syringe.
Slowly draw plunger back into syringe to start collecting blood. Collect a minimum of

250 pl blood/mouse.

7. Evacuate blood into collection tube and place on ice. (see Note 11)

8. Centrifuge blood 3,000 x g at 4°C for 15 min. Collect supernatants (serum) and transfer

to a new tube. Freeze at —20°C (see Note 12).

BAL Fluid Collection
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1. Cut away skin on the neck so that the area near the trachea is exposed. Carefully snip

away thin tissue covering the trachea (see Note 13).

2. Turn the mouse so that the head is closer to you.

3. With the help of forceps, lay a string of surgical sutures behind the trachea.

4. Make a small nick at a 45° angle on the top surface of the trachea nearest the larynx

(see Note 14).

5. Slide the 20G trachea tube into the nick and stop right above the ribcage. Ensure the

surgical string is at least 2-3mm above the bottom tip of the trachea tube.

6. Secure the needle in place by tying a knot with the sutures around it.

7. Remove any air in the lungs by evacuating at least 1 ml of air from the lung using an

empty 1 ml syringe.

8. Quickly replace the empty syringe with one filled with 500 pul of lavage fluid and slowly
fill lungs with the fluid. Rinse the lungs twice with the same lavage fluid, then pull the

plunger out to retrieve the final volume (see Note 15).

9. Collect the fluid in centrifuge tubes and place on ice.

10. Centrifuge BAL at 3,000 x g at 4°C for 15 min. Collect supernatants and transfer to a

new tube. Freeze at —20°C (see Note 12).

Lung Tissue Collection

1. Rotate the mouse back to the original position with the feet closest to you.
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2. Snip the aorta below the diaphragm so that blood can easily move from the perfused

lungs (see Note 16).

3. Take a DPBS with Caz/Mg*-filled 10 ml syringe attached to a 25G needle and insert the
needle into the right ventricle, aiming in the direction of the pulmonary artery. Gently

push the plunger of the syringe to perfuse the lungs with 5 ml of DPBS (see Note 17).

4. Carefully dissect out the lungs from the thoracic cavity by grabbing the trachea with

forceps then snipping down behind the lungs while gently pulling the lungs away.

5. Once out, rinse the exterior of the lungs with DPBS with Ca?/Mg? to remove any clotted
exterior blood and cut away extra-pulmonary tissue (e.g., heart and vasculature) and
remove cartilaginous tissue (trachea and large bronchi). Lungs with tissue accumulation

of Evans Blue are visibly stained (Figure 2.3C — Figure 2.3E).

6. Place half the isolated lung tissue in a centrifuge tube containing 250 pl of formamide on

ice. Weigh lung samples and record for later analysis (see Note 18).

7. Incubate at 55°C in a heating block for 48 h.

8. Centrifuge lung tissue at 3,000 x g at 4°C for 15 min. Collect supernatants and transfer to

a new tube.

Evans Blue Measurement and Analysis

1. Aliquot 100 pl/well of samples from serum (diluted 1:10 in PBS), undiluted BAL Fluid,

and lung tissue extract in a 96-well plate (see Note 19).

2. Measure absorbance of samples and standards at 620nm and 740nm using a microplate

reader (see Note 20).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8249315/#S12

3.

Notes
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Correct the Asx readings for turbidity in BAL fluid and lung tissue using the correction
factor y = 1.193x + 0.007 where X is Az and Aso corrected = yAs,, (Moitra et al., 2007).

Use standards to get absolute Evans Blue concentrations in pg/ml.

Divide BAL fluid Evans Blue concentration by serum Evans Blue concentration to

normalize and account for variability in the tail vein injections (see Note 21).

Divide lung tissue Evans Blue concentration by lung weights and then by serum Evans

Blue concentration (see Note 22).

30G needles are used for tail vein injection but 25G needles are used for sedation, since

30 G needles are too small to quickly sedate mice at the volumes required.

Pre-cooling lavage fluid on ice before BAL extraction significantly increases the yield

and helps inhibit protease activity when harvesting BAL.

Make sure that the heat lamp is not too close to the cage by placing your hand near the
bottom of the cage and holding for 30 s. The lamp should be no closer than 20-30 cm
from the mice. If the heat is uncomfortable to you the lamp is too close and may cause

the mice to overheat.

This anesthetic guideline is for mice weighing 25 — 35 g. For mice smaller than 25 g, use
10 ul/g body weight ketamine/xylazine. For mice larger than 35 g, use 10 ul/g body
weight + 15 pl ketamine/xylazine. Alternatively, Evans Blue injection can be done on
mice without anesthetic using a mouse restraint device (Red Tailveiner Restrainer

Braintree Scientific Inc. #TV-RED 150-STD, Braintree, MA). Note that sedated and non-
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sedated mice will give different Evans Blue permeability values due to differences in

heart rate, breathing rate and stimulation of the sympathetic system.

5. Mice usually are non-responsive to a foot pinch after 5 min as an indication that they are

anesthetized.

6. Although the syringe is filled with 400 ul Evans Blue solution, only 200 pl is
administered. Having an excess of dye solution in the syringe enables the amount injected
to be more accurately monitored, especially if the tail vein is initially missed. If it is
difficult to advance the plunger the needle is not in the tail vein. The entire mouse should

turn blue within 1 min, most notably in the pads of the feet, the nose, and the ears

7. The heating pad step is only required if anesthetic was used. The heat keeps mice warm
as they recover to avoid a drop in body temperature due to the anesthetic. If mice were

not anesthetized, place the mouse back into the cage for 1 h.

8. After 1 h mice are ready for tissue harvest. Harvest in the following order: 1) blood, 2)

BAL fluid, 3) lung tissue.

9. Overdose with ketamine/xylazine is the preferred method of euthanization since
CO, asphyxiation stops the heart from beating and reduces recovery of blood during
collection. Harvest blood immediately after sacrifice for maximum collection. Do not use
cervical dislocation, since this can tear the trachea rendering mice unable for BAL

collection.

10. The head should be tilted back fully with the neck fully exposed.



11.

12.

13.

14.

15.

16.

17.

18.
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It can be difficult to distinguish serum from red blood cells because they will be heavily
dyed with Evans Blue. By collecting at least 200 pl of whole blood, the top 60 pul

supernatant can be isolated without disrupting the cellular layer on the bottom.

Serum and centrifuged BAL fluid are stored frozen prior to analysis since the lung tissue

requires 48 h processing time.

The trachea is beneath the salivary glands. Glands can be carefully cut away and gently

pulled apart to uncover the trachea.

The nick should only cut the top surface of the trachea and should be just large enough to
accommodate the 20G trachea tube. The cut should open less than half of the diameter of

the trachea.

The lungs should clearly inflate with the addition of fluid. Typical fluid recovery is 300—
350 ul of lavage fluid. This provides enough material for duplicate absorbance
measurements and protein determination by the Bicinchoninic Acid (BCA) assay (Sigma-

Aldrich #BCA1-1KT).

Snipping the aorta reduces the pressure needed when perfusing with PBS into the right

ventricle, avoiding potential damage to the lung microvasculature.

Lungs should turn white (with patches of blue dye) in color with good perfusion. It is
imperative that the lung is properly perfused so that dye from the blood will not interfere

with the tissue analysis (Figure 2.3C — Figure 2.3E).

Before adding lung tissue, weigh the tubes containing formamide solution alone. This

enables net lung weight to be calculated and used for data analysis. Be consistent in
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analyzing the right or the left lung tissue/lobes. The remaining lung tissue can be snap

frozen in liquid nitrogen and used for other analysis (e.g., immunoblot, Q-PCR).

19. Serum must be diluted 1:10 before analyzing to avoid crosstalk with other serum
components. BAL and lung tissue extract should not be diluted. When possible, measure

absorbance from duplicate or triplicate technical replicates.

20. Standards are made from serial dilutions of Evans Blue stock into DPBS with

Ca*/Mg?* (for serum and BAL fluid) or formamide (for lung tissue samples).

21. In this example (Figure 2.4), mice were given either a control or alcohol diet for 8 weeks
and then challenged by either IT or IP lipopolysaccharide (LPS; endotoxin) as a sterile
inflammatory challenge (Smith et al., 2019). Alcohol rendered the airspaces prone to
flooding even in the absence of an additional insult. Interestingly, LPS decreased Evans
Blue permeability into the airspaces, most likely due to an increase in Transforming
Growth Factor (TGF)-alpha dependent stimulation of Epidermal Growth Factor (EGF)
receptors (Koff et al., 2006). IT injury, but not IP injury, of alcohol-fed mice also resulted
in failure of the endothelial barrier as indicated by the accumulation of Evans Blue in the
interstitial space, consistent with increased severity of direct vs. indirect lung injury on

lung fluid balance.

22. Assessing barrier function using Evans Blue dye tracks albumin, which is a 68 kDa
protein. While this approach offers many advantages, it represents one parameter when
considering the effects of injury on lung fluid balance. For instance, macromolecule
permeability may not be impacted under conditions where fluid balance is altered by the

effects of injury on ion homeostasis (Eaton et al., 2009).
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Lung interstitium

Capillary

Figure 2.1. Diagram depicting a cross-section though a normal lung alveolus comprised of

an epithelial sac surrounded by blood vessels.
Note that the transit of fluid-borne molecules from the vasculature must traverse across the vascular
endothelial barrier though the interstitial tissue and across the alveolar epithelial barrier. Reproduced from

(Smith et al., 2019)
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Figure 2.2. Tail vein injection.

(A,B) Diagram showing mouse tail vasculature. Branch vessels extend from the artery to the veins. Red
arrows, artery; blue arrows, vein; green arrows, branch vessels. (C-F) Procedure for tail vein injection. (C)
The outer tube is grasped by the first and second fingers. The third finger is placed under the inner
cylinder. Place the needle on the surface of the tail in parallel (D) and insert it carefully (E). Once the
needle tip is under the skin, pull back the syringe slightly during insertion to confirm that blood flows

back to ensure that a vein is penetrated (F, arrow). Reproduced from (Hatakeyama et al., 2010) with

permission.
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Figure 2.3. Appearance of Evans Blue in mice and murine lungs.

Mice that were either untreated (A) or intravenously injected with Evans Blue (B). Sixty minutes after
injection, the treated mice show clear blue labeling of the nose and paws. (C-E). Representative images of
lung tissue from mice that were either untreated (C), or after Evans Blue tail vein injection showing
control (D) or alcohol fed and endotoxin treatment to induce acute lung injury (E). Uninjured mice show

little tissue accumulation (arrow) of Evans Blue as compared with injured mice.
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Figure 2.4. Effect of alcohol consumption and lipopolysaccharide on Evans Blue

accumulation in lung airspaces and tissue.

Mice received an IP (A,C) or IT (B,D) treatment with either vehicle control or 5 mg/kg LPS in PBS. After
24 h the mice were administered Evans Blue by tail vein injection and allowed to recover for 2 h. Evans
Blue dye was first collected by bronchoalveolar lavage (BAL) (A,B). Lung tissue was then harvested after
BAL fluid collection and the right ventricle of the heart was perfused with PBS. Evans Blue dye was
extracted from lung tissue by incubating in formamide at 55 °C for 48 h. Evans Blue concentration was
analyzed via spectrophotometry (620 nm). Results were corrected for the presence of heme and
normalized to Evans Blue serum levels and lung tissue weight. (A,B) Alcohol-feeding alone increased
Evans blue levels in BAL fluid, suggesting that alcohol promotes alveolar epithelial barrier dysfunction (n
=6 -9, ****p <0.0001; **p = 0.0021). (C,D) Tissue Evans Blue dye content was only significantly
increased in alcohol-fed mice that were given an IT administration of LPS. There was no significant
change in any other groups. n =4 — 8, * p = 0.019. Values reported as mean + standard deviation.

Reproduced from (Smith et al., 2019) with permission.
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Abstract

In the lung, chronic alcohol consumption is a risk factor for acute respiratory distress syndrome
(ARDS), a disorder that can be fatal due to airspace flooding. The severity of pulmonary edema is
controlled by multiple barriers, and in particular the alveolar epithelial barrier and pulmonary
microvasculature. However, to date, the effects of chronic alcohol ingestion on both of these barriers in
the lung has not been directly and simultaneously measured. In addition, the effects of alcohol on
systemic, indirect lung injury versus direct injury have not been compared. In this study, we used tissue
morphometry and Evans Blue permeability assays to assess the effects of alcohol and endotoxemia injury
on pulmonary barrier function comparing intraperitoneal (IP) administration of lipopolysaccharide (LPS)
to intratracheal (IT) administration. Consistent with previous reports, we found that in alcohol-fed mice,
the alveolar barrier was impaired, allowing Evans Blue to permeate into the airspaces. Moreover, IT
administered LPS caused a significant breach of both the alveolar epithelial and vascular barriers in
alcohol-fed mice, whereas the endothelial barrier was less affected in response to IP administered LPS.
The alveolar barrier of control mice remained intact for both IP and IT administered LPS. However, both
injuries caused significant interstitial edema, independently of whether the mice were fed alcohol or not.
These data suggest that in order to properly target pulmonary edema due to alcoholic lung syndrome, both
the alveolar and endothelial barriers need to be considered as well as the nature of the "second hit" that

initiates ARDS.


https://doi.org/10.1016/j.alcohol.2018.08.007
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Introduction

Alcohol abuse disorder is highly prevalent, affecting over 15 million adults in the United States
and 208 million worldwide (Adams, 2015). Alcohol abuse is also one of the leading causes of global
mortality; in 2014, 5.9% of all deaths were attributable to alcohol consumption (Global status report on
alcohol and health 2014, 2014). Alcohol abuse contributes to an array of health complications as chronic
alcohol consumption affects multiple organs and is a risk factor for developing cardiovascular disease,
cancer, diabetes and chronic lung disease (Facts About Alcohol, 2018).

Chronic alcohol consumption alone leads an inconspicuous pulmonary pathology. Instead of
causing overt, inflammatory lung damage, alcohol exacerbates the severity of lung injury due to an
additional insult, a so-called second hit, by conditions such as pneumonia or sepsis. Chronic alcohol
abuse increases the incidence of acute respiratory distress syndrome (ARDS) by 3-4 fold, making it a
major risk factor for the condition (Kershaw & Guidot, 2008). ARDS is a type of acute lung injury that is
marked by significant pulmonary edema, which impairs normal gas exchange in the lung. At advanced
stages, flooding of the airspace further impairs gas exchange, and can increase patient mortality as a result
of barotrauma due to the need for more aggressive ventilation. Although there have been advances in
understanding the pathogenesis of ARDS, there are currently no effective pharmacological treatments,
which makes ARDS a prime field of study for research (Pham & Rubenfeld, 2017; Ware & Matthay,
2000).

Two hit mouse models are commonly used to study the pathological progression of ARDS. Here,
we used administration of a bacterial endotoxin as the second insult in an alcohol-primed lung. Bacterial
endotoxins (lipopolysaccharide; LPS) elicit an immune response and are commonly used to induce injury
in animal models (Copeland et al., 2005; Knapp, 2009). LPS injury models present mild injury and can be
introduced via multiple routes. Intraperitoneal (IP) injection of LPS more closely mimics a systemic
injury in which multiple organ systems are affected. By contrast, intubation-mediated intratracheal (IT)

instillation of LPS serves as a direct insult that initially impacts the lung epithelium.
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In this study, we investigated the effects of two different endotoxin-mediated lung injury mouse
models after chronic alcohol consumption and compared how they affect pulmonary edema in the
interstitial and alveolar compartments. Both IP and IT LPS treatment caused tissue edema in both control
and alcohol-fed mice, however, only alcohol-fed mice had a significant breach in alveolar epithelial
barrier function in response to either LPS treatment. Moreover, the pulmonary capillary barrier became
further compromised in alcohol-fed mice challenged with IT LPS. These data are discussed in the context
of the way alcohol impacts multiple pulmonary barriers and how that has the potential to increase

susceptibility to poor outcomes in ARDS.

Materials and Methods

Mice

Experiments were performed in accordance with the National Institutes of Health Guidelines for the
Use of Laboratory Animals guidelines and were approved by the Institutional Animal Care and Use
Committee at Emory University School of Medicine. Isogenetic eight-week-old male C57BL/6 wild-type
mice were used for all experiments (Jackson Laboratory, Bar Harbor, ME; Charles River, Wilmington,
MA). Animals were housed with a maximum of five animals per cage. All animals were kept under
constant temperature at 21 °C and under 12 h light-dark cycle with ad libitum access to regular chow diet.
In the alcohol group, ethanol was administered by increasing ethanol concentration from 0% to 20% in
5% increments over a two-week period, and then mice were maintained at 20% ethanol for an additional
six weeks. For instillation experiments, mice were anesthetized via IP injection of xylazine (10 mg/kg)
and ketamine (100 mg/kg). Mice were suspended by their incisors on a rodent tilting work stand

(Hallowell, Pittsfield, MA) for orotracheal instillation as previously described (Lawrenz et al., 2014).

Lipopolysaccharide (LPS) administration
Alcohol- and water-fed mice were injected with 5 mg/kg E. coli 055:B5 LPS purchased from Sigma
(L2637). Mice were randomly assigned to receive either IP injection (250 ul) or IT instillation (50 ul). For

control treatments, mice received a 250 pl IP injection of PBS or were IT instilled with 50 ul PBS. Mouse
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weight was measured before PBS or LPS injection and 24 h later. Results are reported as percent change

in weight + standard deviation.

Lung permeability as measured by Evans Blue extravasation

Mice were anesthetized via IP injection of xylazine (10 mg/kg) and ketamine (100 mg/kg). Proper
depth of anesthesia was verified by monitoring of respiratory rate and monitoring when mice showed no
limb withdrawal response to foot compression. Mice were placed on a heating pad and the tail was
sterilized with an alcohol wipe. Using a syringe with a 30 gauge needle, 200 pl of 0.5% Evans Blue in
PBS was injected into the tail vein. The mice were allowed to recover on a heating pad for 1 h and then
sacrificed while still under anesthesia. 250 pul of blood was collected by cardiac puncture and centrifuged
at 1500 x g for 15 min to collect serum. Bronchoalveolar lung lavage (BAL) fluid was collected by
flushing the lungs twice via a tracheal tube with 500 pl of PBS with protease inhibitors. After BAL
collection, lungs were perfused through the right ventricle with 5 ml PBS, harvested, and processed for
further analysis ex vivo.

To extract Evans Blue from lung tissue, tissue was weighed and then incubated in 250 pl formamide
at 55 °C for 48 h. Evans Blue in serum, lung tissue and BAL fluid was analyzed by spectrophotometry
(620 nm) (Radu & Chernoff, 2013). Evans Blue readings were corrected for contaminating heme in BAL
fluid and lung tissue by analyzing samples at 740 nm and using the correction factor y = 1.193x +0.007 as

previously described (Moitra et al., 2007) and normalized to corresponding serum Evans Blue levels.

Lung histology

For histological sectioning, the superior and inferior lobe of the left lung was harvested after the
BAL fluid was collected and a cardiac perfusion of PBS was performed. The left lung was placed into 4%
paraformaldehyde at a depth sufficient to fill the airspace with fixative, incubated for at least 24 h at room
temperature (RT) for fixation and then embedded in paraffin. Four 5 um sections were cut at 50 pm
intervals throughout the tissue and mounted on glass slides. Sections were deparaffinized and stained with

hematoxylin and eosin (H&E). Sectioning and staining of samples were performed by the Winship
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Pathology Core Laboratory, Emory University. To assess septal thickness, five H&E photomicrographs
(40x) per sample were randomly captured from the central and peripheral regions of the superior, middle,
and inferior sections. The widths of twenty randomly selected septa per image were measured using

ImageJ, for a total of 100 measurements per mouse.

Total lung protein
Recovered bronchoalveolar lavage (BAL) fluid was kept on ice and centrifuged at 1500 x g for 15
min. Supernatant was collected and stored at —20 °C. Total BAL fluid protein was measured using the

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Protein expression and myeloperoxidase analysis

Lung tissue was snap-frozen in liquid nitrogen at the time of sacrifice. Tissue was later weighed,
thawed on ice, and added to 5 ml/mg tissue of lysis buffer (50 mM Tris HCI; 10 mM EDTA; 100 mM
NaCl; 0.5% Triton X-100) with protease inhibitors, homogenized with a Dounce homogenizer, incubated
for 30 min on ice, and sonicated 4 x 3 s. Homogenates were centrifuged at 10,000 x g for 10 min.
Supernatants were collected, and total protein concentration was assessed using the Pierce BCA Protein
Assay kit (ThermoFisher Scientific). Lung tissue lysates were used for either ELISA or immunoblot
analysis. Myeloperoxidase (MPO) was quantified using a mouse MPO ELISA kit (Abcam, Ab155458).
40 pl of each sample was diluted into the kit buffer, aliquoted into a 96 well anti-MPO plate and
incubated overnight at 4 °C. After washing, biotinylated anti-mouse MPO was incubated in the well for 1
h at RT to allow for MPO detection. Unbound antibody was removed by washing and an HRP-
streptavidin solution was added to the wells for 45 min at RT. Wells were washed four times and a TMB
substrate solution was added to the wells and incubated for 30 min at RT to allow the color to develop in
proportion to the amount of bound MPO. A stop solution was added and the intensity of the color was
measured at 450 nm. For immunoblot analysis, protein was diluted with 6x Laemlli buffer with DTT and
heated for 10 min at 60 °C. Protein was separated via electrophoresis on a 4-20% SDS-PAGE stain-free

gel (BioRad, Hercules, CA) and transferred to a PVDF membrane using the Transblot Turbo (BioRad) at
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25 V for 7 min. Membranes were blocked in Odyssey Blocking Buffer (LI-COR, Lincoln, NE) for 1 h at
RT. Membranes were then incubated overnight with 1:1000 dilution rabbit anti-CD11b (Abcam,
ab133357) or 1:10,000 dilution mouse anti-beta actin (Thermo Fisher, MA5-15739) as a loading control.
Membranes were washed in TBS + 0.5% Triton X-100. The blots were incubated for one hour with
1:10,000 dilution goat anti-rabbit 1gG IRDye 800CW (LI-COR, 92632211) and 1:10,000 Goat anti-mouse
1gG IRDye 680RD (LI-COR, 92668070) and then imaged and quantified using an Odyssey Classic

imager (LI-COR) and band densitometry normalized to actin using Fiji.

Statistical Analysis
Comparisons between groups were performed by one-way ANOVA with Tukey's multiple
comparisons test using GraphPad Prism software. Data are represented as mean * standard deviation and

the statistical significance level was set at 0.05.

Results

LPS insult and chronic alcohol ingestion altered body weight

In order to evaluate the systemic effects of chronic alcohol consumption in mice, we measured the
total body weight of adult wild-type male C57BL/6 mice that consumed 20% alcohol in their drinking
water for 8 weeks along with ad libitum access to normal chow. In this experimental model, mice fed
alcohol weighed an average of 3 g more than their water fed controls (Figure 3.1A). Next, we investigated
the effects of LPS on body weight. To this end, we introduced LPS via two methods: indirect lung injury
by IP LPS injection and direct lung injury by IT LPS instillation. Mice were weighed before and 24 h
after LPS treatment. We found that both IP and IT administration of LPS reduced body weight by 10%
(Figure 3.1B,C) consistent with a previous study examining the effects of LPS injury on weight (Wang et
al., 2016). The decreased body weight with LPS is likely due to the bacterial endotoxin inducing
inflammation-induced anorexia, a protective sickness response behavior that causes a loss of appetite and
reduced food intake (Konsman et al., 2002; van Niekerk et al., 2016). Note also that mice that received

either an injection of PBS or LPS were anesthetized for the instillation procedure, while mice given an IP
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injection were not. Thus, the 3% loss of body weight after PBS IT instillation compared to 0.5% weight
loss after PBS IP injection was likely from decreased water and food intake due to minor trauma

associated with the IT instillation procedure.

Alcohol alone promoted the appearance of airspace protein that is further exacerbated by

direct LPS injury

We next measured the extent of acute lung injury in our two-hit model. First, differences between
indirect and direct lung injury on lung airspace protein content after chronic alcohol consumption were
determined. Total protein was measured in bronchoalveolar lavage (BAL) fluid from control or alcohol-
fed mice that received either an IP or IT administration of LPS. Total BAL protein was increased in
alcohol-fed mice regardless of whether they received an LPS challenge. However, for water-fed mice,
there was significantly less BAL protein, and administration of IP LPS alone did not induce significant
BAL protein accumulation (Figure 3.2A). By contrast, IT instillation of LPS significantly increased BAL
protein in both alcohol-fed and control mice consistent with an increased severity of a direct insult on the
lung epithelium. Taken together, these results suggest that alcohol alone is sufficient to increase BAL
protein content which was further exacerbated by direct lung injury (Figure 3.2B).

To determine whether LPS-induced BAL protein reflects an increase in inflammation, we performed
an immunoblot analysis of total lung tissue lysates following BAL harvest for interstitial expression of a
broad-spectrum marker for leukocytes, CD11b (Figure 3.3A, B). We found no significant difference in
CD11b expression in IP LPS challenged mice, even when examining alcohol-fed mice (Figure 3.3C).
However, in mice that received IT LPS instillation (Figure 3.3D), there was a significant increase in
CD11b for both alcohol-fed and control mice.

To further investigate inflammation in response to alcohol and LPS, we examined the extent of
neutrophil infiltration into the lung tissue by measuring myeloperoxidase (MPO) content in total lung
homogenates using ELISA. Consistent with measurements of total lung CD11b, we found no significant

difference in total lung MPO for mice challenged with IP LPS regardless of whether they were on a
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control or alcohol diet (Figure 3.3E). In contrast, we found that for direct lung injury using IT LPS, there
was a significant increase in MPO (Figure 3.3F). These results suggest that direct IT injury induced an
inflammatory response that did not occur in response to IP LPS challenge, further supporting a model of

enhanced inflammation in alcohol-fed mice subjected to direct lung injury.

Alcohol and LPS independently induced interstitial edema

To further evaluate the extent of acute lung injury in alcohol-fed mice after LPS challenge, we
measured histological changes using H & E stained paraffin-embedded lung sections from control and
LPS injured mice and quantified alveolar septal thickness (Figure 3.4A). Alcohol alone increased alveolar
septal thickness as compared with control animals, and both IP and IT administered LPS increased septal
thickness to a comparable width, regardless of whether the mice had been fed alcohol (Figure 3.4B,C).
3These results suggest that alcohol and LPS drove fluid accumulation into the lung interstitium, resulting

in tissue edema.

Direct LPS challenge in alcohol-fed mice increased lung permeability

An Evans Blue dye assay was performed to quantify the extent of permeability in lung tissue and
airspaces. Evans Blue dye complexes with albumin, a 68 kDa protein that under normal physiological
conditions has limited permeability across the vascular endothelial and alveolar epithelial barriers.
Alcohol alone and an IP injection of LPS had no effect on Evans Blue accumulation in the lung (Figure
3.5A).

Although most of our endpoints were 24 h post LPS injury, there is the potential for the severity
of IP LPS to peak at an earlier time point than 24 h (Mitchell et al., 2015). Given this, we examined
interstitial Evans Blue content in injured alcohol fed mice 3 h after IP LPS. We found that at 3 h, there
was 0.54 = 0.16 ng/ul Evans Blue per g tissue normalized to serum (n = 3) which was comparable to the
value obtained for tissue isolated 24 h post injury (0.40 £ 0.20, n = 7), suggesting that we did not miss an
earlier peak effect of IP LPS on interstitial permeability.

In contrast to IP injured mice, IT instillation of LPS in alcohol-fed mice resulted in increased
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Evans Blue in lung tissue (Figure 3.5B). The increased presence of Evans Blue dye in the interstitial
compartment suggests there was an increase in vascular permeability to macromolecules in response to
the combination of chronic alcohol ingestion and IT LPS (Radu & Chernoff, 2013).

Next, alveolar epithelial barrier dysfunction was determined by measuring Evans Blue present in
BAL isolated from injured and non-injured mice. Alcohol alone was sufficient to increase Evans Blue in
the airspace (Figure 3.6). Surprisingly, when introduced by IP administration, LPS significantly
diminished the increase in Evans Blue present in BAL at 24 h following injury. This was also the case 3 h
after IP LPS, where BAL Evans Blue 0.062 + 0.022 (n = 3) (ng/ul) normalized to serum, which was
comparable to the value obtained for BAL isolated 24 h post IP injury (0.11 + 0.13, n = 7). These data
suggest a possible protective effect on alveolar barrier function may have occurred as a result of systemic
endotoxemia induced by IP LPS. By contrast, this was not the case for alcohol-fed mice treated with IT
LPS, where the Evans Blue content of BAL was comparable in both saline and LPS instilled mice. Taken
together, these data are consistent with direct LPS injury to the alveolar epithelium having a greater effect
on alveolar barrier function than systemic endotoxemia, particularly in the context of chronic alcohol
ingestion.
Discussion

In this study, we performed a direct comparison of the effects of mild endotoxemia administered
either directly (IT) or indirectly (IP) on lung permeability in mice exposed to dietary alcohol. By
separately analyzing the interstitial and airspace compartments we were able to distinguish edema present
in different compartments. Most notably, water-fed, injured mice were able to maintain a tight alveolar
barrier, even though there was tissue edema in response to injury (Figure 3.6). Taken together, these
results suggest that alcohol-dependent changes in lung permeability differ, depending on whether the
second hit is administered by direct versus indirect injury.

Previous studies have demonstrated that chronic alcohol ingestion impairs lung barrier and

immune function(Mehta et al., 2013; Price et al., 2017; Schlingmann et al., 2016; Simet et al., 2012;
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Yeligar et al., 2016), resulting in increased susceptibility to ARDS. Here we used an Evans Blue
permeability assay to confirm that, in response to alcohol alone, there is an increase in macromolecule
permeability from the circulation into the airspaces (Figure 3.6, Figure 3.7B). Consistent with increased
Evans Blue in BAL, there also was an increase in total BAL protein in response to alcohol. In addition,
alcohol induced an increase in tissue edema, which has the potential to further prime the lung for injury.
Despite these changes in pulmonary barrier function, at baseline there was not a significant change in
immune cell recruitment, based on CD11b levels or MPO (Patarroyo et al., 1990), in support of the
hypothesis that the effects of chronic alcohol alone on lung permeability did not involve inflammation
(Ward et al., 2015).

Systemic administration of LPS by IP injection had a mild effect on lung permeability in control
fed mice, where tissue edema increased, but the alveolar barrier remained intact. IP administered LPS did
not have an additive effect on lung tissue edema in alcohol-fed mice. Interestingly, systemic
administration of LPS caused a significant decrease in Evans Blue permeability into the airspaces of
alcohol-fed mice (Figure 3.6A). Although this seems counterintuitive, it is not without precedent, since
low dose treatment of airway epithelial cells with LPS enhances wound repair via Transforming Growth
Factor (TGF)-alpha dependent stimulation of Epidermal Growth Factor (EGF) receptors (Koff et al.,
2006), and EGF has previously been demonstrated to enhance alveolar epithelial and intestinal barrier
function (Borok et al., 1996; Chen et al., 2005; Klingensmith et al., 2017). Moreover, mice have relatively
mild lung edema and lung inflammation in response to systemic sepsis induced by cecal ligation and
puncture (CLP) regardless of whether they were administered dietary alcohol (Yoseph et al., 2013). These
data support the hypothesis that alveolar barrier function may be preserved by paracrine signaling
molecules stimulated by CLP-induced sepsis; studies are currently underway to determine whether this is
the case and to determine whether TGF-alpha has a protective effect in vivo.

By contrast with IP administration, IT administration induced a lung pro-inflammatory response
in both control and alcohol-fed mice as evidenced by increased BAL protein content, lung-associated

CD11b and MPO (Figure 3.2, Figure 3.3). However, as compared with alcohol-fed mice, control mice did
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not show an increase in BAL Evans Blue content (Figure 3.6B), suggesting that part of the increase in
BAL protein induced by IT LPS was due to factors beyond alveolar permeability, including secretion of
surfactant and pro-inflammatory cytokines as previously demonstrated (Fehrenbach et al., 1998). Overall
tissue edema was comparable for both water and alcohol-fed mice injured by IT LPS, but alcohol-fed
mice also showed a significant increase in tissue associated Evans Blue (Figure 3.4B), suggesting that in
addition to an effect on the alveolar epithelial barrier, there was an added breach of the pulmonary
microvascular barrier. The finding that alcohol can impair the pulmonary vascular barrier is consistent
with previous reports demonstrating increased leakage of the blood brain barrier in response to alcohol
(Haorah et al., 2007; Singh et al., 2007).

This study provides evidence that in alcoholic lung syndrome, both tissue edema and airspace
edema are likely to be important drivers with the potential to predispose the lung to ARDS. This is
particularly relevant to direct lung injury, since the relatively mild insult of IT LPS increased permeability
of the vascular barrier as well as the alveolar barrier in mice fed alcohol (Figure 3.6, Figure 3.7D). The
effect of direct injury on both pulmonary barriers is likely to be further exacerbated when the injury is
more severe, such as bacterial or viral pneumonia that are commonly found in critical care patients.
Current work is underway to determine whether protecting the alveolar epithelial barrier is sufficient to
protect the lung from a second hit in alcoholic lung syndrome or whether it is necessary to target both the
alveolar epithelial and pulmonary microvascular barriers to attenuate the severity of ARDS. If both
barriers need to be targeted, determining whether both the epithelial and endothelial lung barriers have a
common molecular mechanism would be of interest as a method to enable simultaneous and efficient

targeting of them both to protect the alcoholic lung from ARDS.
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Figure 3.1. Effect of alcohol consumption and lipopolysaccharide on mouse weight.

(A) After 8 weeks, alcohol-fed mice weighed on average 3 g more than water-fed mice (n = 10-26. ****p
< 0.0001). (B,C) Mice received an IP injection (B) or IT instillation (C) of either vehicle control or 5
mg/kg LPS in PBS. Mice were weighed before LPS treatment and then at 24 h after injury. Injured mice
showed an equivalent loss of ~8-10% of body weight, regardless of type of LPS injury or whether they
were on a water or alcohol diet. Mice given PBS vehicle IT also showed a modest decrease in weight
(~3%) suggesting a mild injury response. Values represent percent change in weight, reported as mean +

standard deviation (n = 7-10 mice per group, ****p < 0.0001 relative to control).
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Figure 3.2. Alcohol increased lung airspace protein content.

Mice received an IP (A) or IT (B) treatment with either vehicle control or 5 mg/kg LPS in PBS.
Total protein concentration in BAL fluid was measured using the BCA assay. (A) Alcohol-fed
mice had increased total lavage protein compared to water-fed mice (n = 5-10, *p = 0.024). IP
injection had no significant effect on total BAL protein. (B) In mice that were given an IT LPS,
both alcohol and LPS independently increased total lavage protein concentration (n = 5-10, *p =

0.011). Values reported as mean + standard deviation.
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Figure 3.3. Alcohol and intratracheal lipopolysaccharide induced an inflammatory

response in lung tissue.

Lungs from treated mice post-lavage were processed and the leukocyte marker CD11b protein expression
was measured by immunoblot and normalized to actin in mice that received either an IP (A,C) or IT (B,D)
treatment with either vehicle control or LPS. (A, C) There was no significant change in CD11b levels in
alcohol or water-fed mice given IP LPS. (B,D) By contrast, CD11b showed significant increases in
response to IT LPS both for control and alcohol fed mice (n = 3—4, ***p = 0.0006) (water fed IT LPS vs
control); **p = 0.033 (alcohol fed IT LPS vs. alcohol control). (E,F) Lung neutrophil content was
measured by the abundance of myeloperoxidase (MPQO) by ELISA in mice that received either IP (E) or
IT (F) LPS. Alcohol-fed mice with IT LPS injury showed significantly more MPO than water fed
controls, suggesting increased neutrophil infiltrate (n = 3—4, *p = 0.05). Symbols represent samples from

distinct animal replicates, values reported as mean + standard deviation.
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Figure 3.4. Alcohol consumption and lipopolysaccharide independently increased alveolar
septal thickness.

Mice received an IP or IT treatment with either vehicle control or 5 mg/kg LPS in PBS. (A) H&E staining
of the lungs of control or experimental mice. Photomicrographs are representative samples from one of 2—
5 independent mice. Bar = 10 pm. (B, C) Alveolar septal thickness was measured in mice 24 h after IP

(B) or IT(C) treatment with LPS. Alcohol and LPS injury increased alveolar septal width in IP treated
mice (**p = 0.0057; ***p = 0.0009) as well as in IT LPS treated mice (*p = 0.024). Results represent
twenty measurements per field of view from 5 fields per lung, for a total of 100 measurements per mouse.

n = 2-5 mice per group. Values reported as mean + standard deviation.



Page | 48

A Intraperitoneal injection B Intratracheal instillation
*
€ 1.0, €107 3
28 25
o (/)08- A [m)] » 08" ™ N
e o
3506 S e
@ g - Do _
% '(_éOA- % A % (_é 0.41 * viv
7 £0.24 l{‘ | > £0.24 —1—
e w o A, la
ZOO T ; IA t Z OO .:|.~ -f Au :
Alcohol - + - + Alcohol - + - +
LPS _ - + + LPS - - + +

Figure 3.5. Effect of alcohol consumption and lipopolysaccharide on Evans Blue

accumulation in lung tissue.

Mice received an IP (A) or IT (B) treatment with either vehicle control or 5 mg/kg LPS in PBS. After 24
h, the mice were then administered Evans Blue by tail vein injection and allowed to recover for 2 h. Lung
tissue was harvested after BAL fluid collection and the right ventricle of the heart was perfused with PBS.
Evans Blue dye was extracted from lung tissue by incubating in formamide at 55 °C for 48 h and
analyzed via spectrophotometry (620 nm). Results were corrected for the presence of heme and
normalized to Evans Blue serum levels and lung tissue weight. Tissue Evans Blue dye content was only
significantly increased in alcohol-fed mice that were given an IT administration of LPS. There was no
significant change in any other groups. n = 4-8, *p = 0.019. Values reported as mean + standard

deviation.
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Figure 3.6. Effect of alcohol consumption and LPS on Evans Blue in airspaces.

Mice received an IP (A) or IT (B) treatment with either vehicle control or 5 mg/kg LPS in PBS. After 24
h the mice were administered Evans Blue by tail vein injection and allowed to recover for 2 h. Evans Blue
dye in bronchoalveolar lavage (BAL) fluid was measured via spectrophotometry (620 nm). Results were
corrected for the presence of heme and normalized to Evans Blue serum levels. In contrast to tissue data
(Figure 3.5), alcohol-feeding alone increased Evans blue levels in BAL fluid, suggesting that alcohol
promotes alveolar epithelial barrier dysfunction (n = 6-9, ****p < 0.0001; **p = 0.0021). Values reported

as mean * standard deviation.
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Figure 3.7. Model of lung permeability after alcohol and intratracheal lipopolysaccharide.
A) Cartoon of a cross section through a normal lung alveolus comprised of an epithelial sac surrounded
by blood vessels. Alcohol and LPS independently lead to fluid accumulation in the lung interstitium (B—
D). Alcohol also promoted the accumulation of Evans Blue into BAL, consistent with a defect in alveolar
barrier function (B,D). Treatment of alcohol-fed mice with IT LPS also stimulated an increase in

interstitial Evans Blue, suggesting an additional deficit in vascular barrier function (D).
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Chapter 4: Effects of Interstitial Fluid pressure on Alveolar Barrier Function

Introduction

Due to generally low alveolar epithelial permeability, most fluid that is filtered into the
interstitium from the pulmonary vasculature is reabsorbed back into the circulation. Additionally, several
other processes promote reabsorption of interstitial fluid, including the protein osmotic gradient between
the pulmonary capillaries and interstitium, lymphatic flow, a hydrostatic pressure gradient from peripheral
to central vessels, and pleural and mediastinal sinks (Erdmann et al., 1975; Hastings et al., 2004; Matthay
& Wiener-Kronish, 1990; Meyer et al., 2021; Staub, 1974).

Chronic alcohol abuse has been identified as a major risk factor for developing alveolar flooding
(Kershaw & Guidot, 2008). The healthy lung can generally tolerate moderate increases in the pressure of
fluid from the surrounding interstitium without causing alveolar flooding, however whether the alcoholic
lung is more sensitive to develop alveolar leak due to increased interstitial fluid pressure is not known.
Additionally, patients with chronic alcohol abuse at baseline and with a diagnosis of ARDS have greater
extravascular water levels which can contribute to increased interstitial water pressure surrounding the
alveoli (Berkowitz et al., 2009).

Microvascular stresses can be a potent cofactor in the development of pulmonary edema.
Increased cardiac output can increase the pre-alveolar microvasculature pressure, leading to increased
vascular pressure across the lung (Marini et al., 2003). There are several examples of how increasing
transmural pulmonary vasculature pressure, without corresponding inflammation, can small vascular tears
(Marini et al., 2003). Mitral stenosis increases pulmonary venous and capillary pressure leading to acute
edema, hemoptysis, and hemosiderin-laden macrophages, indicating involvement of the pulmonary, not
bronchial, circulation. In conditions of extreme exertions, high blood flow throughout the lung can cause
post-exertional hemorrhage (Broccard et al., 2001; Hopkins et al., 1997).

Since a clinical study has demonstrated that there is no correlation between albumin levels in

alcoholic ICU patients and extravascular lung water levels (Berkowitz et al., 2009), we wanted to measure
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the mechanical effects of increased pressure on the molecular integrity of lung barrier function. We
specifically wanted to investigate if alcohol lowers the fluid interstitial pressure threshold which causes
alveolar flooding.

Additionally, the protein osmotic gradient between the interstitium and pulmonary
microvasculature can be lost when the endothelial vascular barrier becomes highly permeable to protein
and solutes, such as during acute lung injury, which will promote an interstitium that can become flooded
(Meyer et al., 2021). These small increases in pulmonary microvascular permeability can increase
interstitial edema. Additional studies will need to be performed to test the impact of how a ‘second-hit’
lung injury, such as pneumonia, affects the sensitivity of the normal and alcoholic lung to develop
pulmonary edema. Here, we hypothesized that the alcoholic lung is more sensitive than a normal lung to
develop pulmonary edema and lung injury with increasing lung interstitial pressures at baseline and in

response to bacterial pneumonia.

Materials and Methods

Mice

Experiments were performed in accordance with the National Institutes of Health Guidelines for the
Use of Laboratory Animals guidelines and were approved by the Institutional Animal Care and Use
Committee at Emory University School of Medicine. Isogenetic twelve-week-old male C57BL/6 wild-
type mice were used for all experiments (Jackson Laboratory, Bar Harbor, ME). Animals were housed
with a maximum of five animals per cage. All animals were kept under constant temperature at 21 °C and
under 12 h light-dark cycle with ad libitum access to regular chow diet. In the alcohol group, ethanol was
administered by increasing ethanol concentration from 0% to 20% in 5% increments over a two-week
period, and then mice were maintained at 20% ethanol for an additional 8 weeks. For instillation
experiments, mice were anesthetized via IP injection of xylazine (10 mg/kg) and ketamine (100 mg/kg).
Mice were suspended by their incisors on a rodent tilting work stand (Hallowell, Pittsfield, MA) for

orotracheal instillation as previously described (Lawrenz et al., 2014). Mice were weighed while awake
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and prior to receiving a sedative for all weight measurements.

Lung permeability as measured by Evans Blue extravasation

24 h after intraperitoneal or intravascular treatment, mice were either re-anesthetized or placed in a
mouse restrainer (Braintree Scientific, Inc., Braintree, MA) for the conscious procedure for an Evans Blue
permeability assay. Mice were placed on a heating pad or kept in the mouse restrainer and the tail was
sterilized with an alcohol wipe. 200 pl of 0.5% Evans Blue in PBS was injected into the tail vein with a
30-gauge needle. The mice were allowed to recover on a heating pad for 1 h and then sacrificed while still
under anesthesia. 250 pl of blood was collected by cardiac puncture and centrifuged at 1500 x g for 15
min to collect serum. Bronchoalveolar lung lavage (BAL) fluid was collected by flushing the lungs twice
via a tracheal tube with 500 pl of ice-cold PBS with protease inhibitors and centrifuged at 1500 x g for 15
minutes to collect cell-free BAL fluid.

Evans Blue in the serum and BAL fluid was analyzed by spectrophotometry (620 nm) (Radu &
Chernoff, 2013). Evans Blue readings were corrected for contaminating heme analyzing samples at 740
nm and using the correction factor y = 1.193x +0.007 as previously described (Moitra et al., 2007) and

reported as Evans Blue in the BAL and/or normalized to corresponding serum Evans Blue levels.

Wet to Dry Analysis

Both left and right lungs were excised 4 h or 24 h after intravascular PBS treatment and
immediately weighed (lung wet weight). Lungs were dried in a convection oven at 65°C for 60 h and re-
weighed (lung dry weight). Wet to dry ratio was calculated as lung wet weight divided by lung dry

weight.

Total lung protein
Recovered bronchoalveolar lavage (BAL) fluid was kept on ice and centrifuged at 1500 x g for 15

min. Supernatant was collected and stored at —20 °C. Total BAL fluid protein was measured using the

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Statistical Analysis
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Comparisons between two groups was performed by unpaired, two-tailed t-test while comparisons
between multiple groups were performed by one-way ANOVA with Tukey's multiple comparisons test
using GraphPad Prism software. Data are represented as mean + standard error of the mean and the

statistical significance level was set at 0.05.

Results

Intraperitoneal fluid in anesthetized and conscious mice has a minimal impact on alveolar
leak

We have previously demonstrated that the Evans Blue permeability assay can be used to measure
alveolar lung vessel and epithelial permeability in vivo (Smith et al., 2019, 2021). We found that dietary
alcohol increases lung permeability and disrupts the alveolar epithelial barrier as measured by Evans Blue
present in the recovered bronchoalveolar lavage (BAL) fluid when coupled with an additional insult
(Smith et al., 2019). Animals from control experiments in this previous work suggested that increasing
fluid volume in anesthetized mice may cause an increase in alveolar leak as measured by increased leak
of Evans Blue dye the bronchoalveolar lavage fluid. We hypothesized that this alveolar barrier
dysfunction was potentially due to increased hydrostatic pressure as the second insult when coupled with
alcohol.

In this study, water-fed or alcohol-fed mice received an intraperitoneal injection of 0 ul or 250 pl
PBS, anesthetized with xylazine and ketamine, and given a tail vein injection of Evans Blue 24 h later.
Evans Blue levels were measured in the BAL and were normalized to Evans Blue serum levels to
normalize input (Figure 4.1A). There was no effect of additional intraperitoneal fluid on alveolar leak in
water-fed mice, although there was a statistically insignificant but trending increase in Evans Blue in the
lavage in alcohol-fed mice.

We next wanted to test if the rate of blood circulation would accentuate the effect of increased
intravascular fluid on alveolar leak. Anesthetized mice have been shown to have as lower heart rate and

respiratory rate than awake mice (Erhardt et al., 1984; Ho et al., 2011; Uechi et al., 1998). Mice received
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an intraperitoneal fluid injection of O pl or 250 pl PBS followed by a tail vein injection of Evans Blue 24
h later while conscious and restrained in a mouse restrainer (Braintree Scientific, Inc., Braintree, MA).
Interestingly, the effect of intraperitoneal fluid in alcohol-fed mice was dampened relative to its effect in
sedated mice (Figure 4.1A, B). This may have been due to increased extravasation of Evans Blue dye into

non-pulmonary tissues from increased vascular systemic circulation.

Intravascular fluid does not affect alveolar leak of protein

As a small bolus of intraperitoneal fluid did not provoke a corresponding increase in alveolar
leak, we next wanted to test if increasing hydrostatic pressure directly into the circulatory system to
increase hydrostatic pressure would cause a dose-dependent increase in alveolar leak. We additionally
wanted to measure if an epithelium that was already at maximum capacity for maintaining fluid balance,
the alcoholic lung, would be able to sustain increased fluid pressure without causing measurable alveolar
leak. Mice were anesthetized and received either 250, 500 or 750 pl via tail vein injection of PBS to
induce increasing levels of hydrostatic pressure. BAL was then collected 24 h later and total protein levels
were measured. The range of protein concentrations was consistent with other models of non-
inflammatory BAL protein concentration (Smith et al., 2019). Increasing volumes of fluid did not induce

significant changes in BAL protein accumulation in either water-fed or alcohol-fed mice (Figure 4.2).

Increasing vascular pressure with fluid does not increase alveolar leak or cause pulmonary
edema

Previously we have demonstrated that the Evans Blue permeability assay can be used to measure
alveolar lung vessel and epithelial permeability in vivo (Smith et al., 2019, 2021). Direct, intratracheal
injury with either saline or LPS increases lung permeability and disrupts the alveolar epithelial barrier in
alcohol-fed mice as measured by Evans Blue present in the recovered bronchoalveolar lavage (BAL) fluid
(Smith et al., 2019). To determine if increased hydrostatic pressure administered by injection of
intravascular fluid, water-fed and alcohol-fed mice received a 250 — 750 pl bolus of PBS via tail vein

injection and then 200 ul of Evans Blue dye 24 h later. As expected, Evans Blue recovered in the serum
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decreased with increasing volumes of intravascular PBS in a dose-dependent manner in both alcohol-fed
and water-fed mice (Figure 4.3). Evans Blue levels were measured in the BAL (Figure 4.4A) and were
normalized to Evans Blue serum levels to normalize input (Figure 4.4B). There was no effect of increased
hydrostatic pressure on alveolar leak in either water-fed or alcohol-fed groups. We speculate that after 24
h, both groups of mice excreted the excessive volume and returned to steady state fluid homeostasis in the
alveolar epithelium.

Since an increase in alveolar leak as measured by Evans Blue in the BAL was not detected at the
tested ranges of fluid (250 — 750 pl), we wanted to measure if we were inducing any measurable
pulmonary edema within this time frame. Lung wet:dry weight ratios are commonly used as an estimate
for pulmonary edema (Du et al., 2018; Jang et al., 2019; Miserocchi et al., 1993). Water-fed and alcohol-
fed mice were given an intravascular bolus of PBS (0, 500, or 1000 ul), then lungs were extracted either 4
h or 24 h after. Neither water-fed (Figure 4.5A) or alcohol-fed mice (Figure 4.5B) had any difference in
wet:dry lung weight ratios after 4 h or 24 h after any volume of intravascular fluid as compared to
baseline. This suggests that these intravascular volumes did not induce pulmonary edema within the

tested time frame, which may explain the lack of alveolar leak as measured by Evans Blue in the BAL.
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Figure 4.1 Anesthesia is essential for Evans Blue assays of lung permeability.

Mice received an intraperitoneal treatment of Oul or 250uL of PBS. After 24 h, the mice were then
administered Evans Blue by tail vein injection while anesthetized with ketamine/xylazine (A) or kept
conscious while in an IACUC-approved mouse restrainer (B) and allowed to recover for 1 h before BAL
and blood were collected. Results were corrected for the presence of heme and normalized to Evans Blue
serum levels. IP injection had no significant effect on alveolar leak of Evans Blue into BAL in either
anesthetized or conscious mice. n = 4-5. Values reported as mean + standard error of the mean. Values

reported as mean * standard error of the mean.
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Figure 4.2. No effect of increased intravascular fluid on total protein levels in

bronchoalveolar lavage fluid.

Mice received an intravascular treatment of 250 — 750 L of PBS. BAL was collected 24 h later. Total
protein concentration in BAL fluid was measured using the BCA assay. There was no difference in total

BAL protein between control-fed and alcohol-fed mice at any IP fluid volume. n = 2-4. Values reported

as mean = standard error of the mean.
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Figure 4.3. Intravascular fluid dilutes Evans Blue in mouse serum in volume-dependent
manner.

Mice received an intravascular treatment of 250 - 750uL of PBS. After 24 h, the mice were then
administered Evans Blue by tail vein injection while anesthetized and allowed to recover for 1 h before
blood was collected. Results were corrected for the presence of heme. Increasing volumes of IP fluid

diluted Evans Blue in serum in volume-dependent manner. n = 2-4. Values reported as mean * standard

error of the mean.
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Figure 4.4. No effect of increased intravascular fluid on alveolar leak at baseline.

Mice received an intravascular treatment of 250 — 750uL of PBS. After 24 h, the mice were then
administered Evans Blue by tail vein injection while anesthetized and allowed to recover for 1 h before
BAL and blood were collected. Results were corrected for the presence of heme and are represented as
BAL (A) or BAL normalized to Evans Blue serum levels (B). Increasing intravascular fluid had no effect
on alveolar leak in control-fed or alcohol-fed mice. n = 2-4. Values reported as mean + standard error of

the mean.
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Figure 4.5. No pulmonary edema observed in mice given intravascular bolus of fluid.
Water-fed (A) or alcohol-fed (B) mice received an intravascular treatment of OpL, 500uL or 1mL of PBS.
After 4 or 24 h, both lungs were collected and weighed upon excision (lung wet weight). Lungs were
dried in an oven at 65° for 60 h and then weighed (lung dry weight). Wet to dry ratio was calculated as
lung wet weight divided by lung dry weight. n = 3-5. Values reported as mean * standard error of the

mean.
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Chapter 5: Therapeutic Drug candidates to Improve Alcohol-mediated Barrier

Dysfunction

Introduction

Chronic alcohol abuse has been shown to change the composition of tight junctions and decrease
alveolar barrier function, predisposing the lung to develop ARDS (Schlingmann et al., 2016). Currently,
there is no therapy targeted to mitigate the effects of alcoholic lung syndrome nor its underlying
pathophysiology.

As described in the Introduction, alveolar barrier function critically depends on the physiologic
barrier formed by the alveolar epithelia cells that separate the inspired air in the alveolus from the fluid-
filled tissues. Tight junction protein complexes form a sealing barrier that regulates paracellular fluid
diffusion. Disruption of this barrier results in pulmonary edema and respiratory failure, predisposing the
lung to develop ARDS. Thus, targeting tight junctions offers a unique therapeutic opportunity to treat the

alcohol damaged lung.

Interaction between Connexin 43 and ZO-1

Both the epithelial and endothelial tissue depend on a functional barrier to regulate fluid homeostasis.
Various cellular complexes, including tight junctions, adherens junctions, gap junctions, and the actin
cytoskeletal network function together to modulate barrier function (Garcia, 2009; Giepmans, 2004;
Herve et al., 2007). Connexins, also known as gap junction proteins, are a family of integral membrane
proteins that assemble to form channels between adjacent cells and allow intercellular communication by
permitting bidirectional cytosolic exchange of ions, metabolites, and second messengers (Aasen et al.,
2019; Laird, 2006). The gap junction protein subunit Cx43 is the most studied and ubiquitously
expressed isoform and is involved in regulating barrier function and permeability by influencing junction
assembly, cell polarity, cytoskeletal dynamics, and cell to cell contacts (Francis et al., 2011; Kameritsch

et al., 2012; Leithe et al., 2018; Matsuuchi & Naus, 2013; Olk et al., 2009; Oyamada et al., 2013).
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Cx43 is a 43 kDa, 382 amino acid long polypeptide that contains four conserved alpha-helical
transmembrane domains, one intracellular and two extracellular loops, and cytoplasmic carboxyl- and
amino-terminal tails. As the connexin proteins are a relatively conserved gene and protein family, the
major difference between the different connexin proteins is the length and sequence of the C-terminal tail
(CT). The CT of Cx43 is approximately 150 amino acids long, accounting for 39% of the entire protein
(Ambrosi et al., 2016; Axelsen et al., 2013). The CT is largely disordered and has a rich composition of
prolines and serines that are largely absent from the intracellular domains and loops, making Cx43 a
potential target for protein interactions and kinases (Leithe et al., 2018). Protein interactions with CT
enable Cx43 to control cell growth, differentiation, and migration, functions that are independent of its
role in intercellular communication (Leithe et al., 2018).

At the terminal-most portion of its CT, Cx43 contains a four amino acid PDZ2-binding ligand
(aspartic acid (D), leucine (L), glutamic acid (E), isoleucine (1)) that is capable of binding to the second
PDZ domain of ZO-1 (Giepmans & Moolenaar, 1998; Toyofuku et al., 1998). A high-affinity interaction
exists between Cx43 and ZO-1 as the hydrophobic side chains of Cx43 insert into the hydrophobic groove
in the PDZ2 domain of ZO-1 (Chen et al., 2008). In addition to its contributions to its channel properties,
the CT of Cx43 is essential to barrier function, as mice that lack Cx43 CT exhibit high postnatal lethality
due to epithelial barrier dysfunction, despite the truncated Cx43 protein forming functional open gap
junctional channels (Maass et al., 2004).

Z0-1 belongs to a family of multidomain scaffolding proteins that organize the protein components
of the tight junction and link them to the cortical actin cytoskeleton (Fanning & Anderson, 2009). Of the
three isoforms that have been discovered, ZO-1 is the most studied and well characterized. ZO-1 is a 220
kDa protein and can bind a large variety of binding partners due to its diverse and numerously available
domains and motifs (Belardi et al., 2020). The N-terminus of ZO-1 contains three PDZ domains, an SH3
and GUK domain and a Unique-5 and -6 motifs, while the C-terminus contains an actin-binding domain
allowing ZO-1 to tether its binding partners to the cytoskeletal network. ZO-1 is described a “tension

transducer” and can exhibit either an open or closed conformation which regulates access to its central
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most binding regions (Spadaro et al., 2017). During actomyosin tension, tension is created between
membrane-anchored proteins bound to ZO-1’s N-terminus and actin-binding proteins and the actomyosin
apparatus bound to the ZO-1’s C-terminus (Haas et al., 2020; Spadaro et al., 2017; Strauss & Gourdie,
2020).

Z0-1 plays a role in the dynamic remodeling of Cx43 gap junctions, constrains the growth rate of gap
junctions after they are formed, negatively regulates the rate at which undocked Cx43 connexons
incorporate into gap junction plaques, and may be involved in modulating Cx43 gap junction endocytosis
(Bruce et al., 2008; Hunter et al., 2005; Rhett et al., 2011). Interestingly, Cx43 CT is also capable of
binding to ZO-2; it binds to ZO-1 in quiescent cells and to ZO-2 during cell cycle progression (Singh et
al., 2005).

Cx43 and ZO-1 interaction is negatively regulated by phosphorylation of Ser373 on Cx43 (Chen et
al., 2008). Phosphorylation of Ser373 alters Cx43 conformation, leading to an uncoupling of the CT from
Z0-1. Akt-mediated phosphorylation of the same residue interrupted the in vivo interaction between Cx43
and Z0O-1, which was associated with enlarged gap junctions and increased gap junction intercellular
communication. Additionally, this Akt-dependent phosphorylation of Ser373 is increased during both
cardiac ischemia and in the epidermal wound response (Dunn & Lampe, 2014).

Blockage of the PDZ-mediated interaction between ZO-1 and Cx43 led to a reduction of peripherally
associated ZO-1 and increase in the aggregate size of gap junctions (Hunter et al., 2005). C-terminal
tagging of Cx43 with GFP was shown to interfere with the regulatory mechanism that controlled gap
junction size as well as disrupt binding of Cx43 to ZO-1 (Giepmans & Moolenaar, 1998; Giepmans et al.,

2001; Hunter et al., 2005).
Alpha Carboxyl-Terminal Mimetic Peptide (aCT1)
Alpha carboxyl terminus 1 (aCT1) is a 25-amino acid peptide that contains an antennapedia cell

internalization sequence linked to the 9 CT-most amino acids of Cx43 (RPRPDDLEI) (Hunter et al.,

2005). The binding characteristic between the terminal-most portion of Cx43’s CT and the PDZ2 domain
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of ZO-1 was confirmed with the use of aCT1 (Jiang et al., 2019). The peptide was originally developed as
a membrane-permeable peptide inhibitor to probe the organization and size of gap junctions by inhibiting
the interaction of and colocalization of ZO-1 with Cx43. Once intracellular, aCT1 competes for binding
to ZO-1 and reduces ZO-1 availability for interaction with the PDZ-binding domain of endogenous Cx43
(Hunter et al., 2005). This interaction was found to be specific for the PDZ2 domain of ZO-1, not the
PDZ1 domain, and required the free C-terminal isoleucine.

There are two potentially independent molecular mechanisms for aCT1 peptide actions. The first
involves the inhibition of Cx43 and ZO-1 interaction by competing for binding to the PDZ2 domain of
Z0-1. A second, ZO-1-independent mechanism, may involve the PKC-mediated phosphorylation of Cx43
Ser368, a phosphorylation event that had no impact on the interaction between Cx43 and ZO-1 (O'Quinn
etal., 2011). This phosphorylation status is retained at intercalated disks during early ischemia and is

likely associated with cardioprotection induced by ischemic preconditioning (Ek-Vitorin et al., 2006).

Previous therapeutic uses of aCT1

The aCT1 peptide has been used extensively for various novel therapeutic purposes in the fields of
tissue engineering and regenerative medicine. aCT1 modulated the wound-healing response to silicone
implants by attenuating neutrophil infiltration, increasing vascularity of the capsule tissue, reducing type
1 collagen deposition around the implant, and reducing the continued presence of contractile
myofibroblasts (Soder et al., 2009). In this study, pluronic gel was used as it has mild surfactant
properties that aid in peptide dispersion. The peptide was also found to provide cardioprotection from
ischemia-reperfusion injury when infused after the ischemic injury and may be used as a novel therapy for
patients who experienced an acute myocardial infarction (Jiang et al., 2019).

Pre-treatment of aCT1 was successfully used in vivo to reduce choroidal neovascularization and fluid
leakage following laser-photocoagulation, ameliorating retinal pigment epithelial damage and providing
potential therapeutic value in age-related macular degeneration-like pathologies (Obert et al., 2017).

Additionally, aCT1 was found to reduce Cx43 gap junction remodeling in injury border zone tissues
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after cryoinfarction of the left ventricle in mice, which was associated with a decreased propensity of the
injured hearts to develop inducible arrhythmias and sustained improvements in ventricular contractile
performance over an 8-week study (O'Quinn et al., 2011; Ongstad et al., 2013). Last, aCT1 promoted
healing in diabetic foot ulcers and venous leg ulcers, two types of chronic and slow-healing skin wounds
in phase 2 clinical testing (Ghatnekar et al., 2015; Grek et al., 2017; Grek et al., 2015). The peptide
mimetic recently completed a phase 3 clinical trial for chronic skin wounds (Multicenter Study of the
Efficacy and Safety of Granexin Gel in the Treatment of Diabetic Foot Ulcer [GAIT1])
(ClinicalTrials.gov). The aCT1 peptide also improved scar visual appearance by decreasing directionality
of fibroblast movement and generated a 3D collagen matrix postwounding, similar to unwounded skin

(Grek et al., 2017; Montgomery et al., 2021).

Therapeutic potential for aCT1 to treat alcoholic lung syndrome

The primary mechanism of action of aCT1 is to bind to ZO-1 and release it from intracellular Cx43,
freeing ZO-1 to potentially associate with claudins and stabilize ZO-1 at the plasma membrane to prevent
tight junction degradation in response to injury (Strauss et al., 2021). The resulting association stabilizes
both gap junctions and tight junctions, which permits increased cellular communication, dampened
inflammatory responses, reduced neutrophil infiltration, and reduced fibroblast proliferation. Given the
therapeutical potential of aCT1 to improve microvascular dysfunction and edema, we wanted to test the

therapeutic opportunity of the aCT1 peptide to treat alcohol-mediated lung dysfunction.

Role of Claudin 5 in alcoholic lung disease

It has been well established that claudin tight junction proteins are essential to the regulation of
tight junction permeability (Gunzel & Fromm, 2012; Gunzel & Yu, 2013). In a model of alveolar
epithelial cells derived from alcohol-fed rats, we have previously shown that alcohol decreases alveolar
epithelial barrier function and is associated with a change in the composition of tight junction proteins
(Schlingmann et al., 2016). Interestingly, in response to alcohol exposure, levels of claudin 4 protein

decreased by nearly 6-fold, while levels of claudin 5 increased by over 3-fold. These data were consistent
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with previous studies of freshly isolated type Il cells and alveolar epithelial cells cultured on tissue culture
plastic (Fernandez et al., 2007). Claudin 5 increased paracellular leak in a dose-dependent manner as
measured by a decrease in transepithelial resistance and increases paracellular flux (Schlingmann et al.,
2016; Wang et al., 2003). This effect was also reversable using both shRNA and an inhibitor, the claudin

5 mimetic peptide (C5).

Claudin 5 peptide mimetic (C5)

The DFYNP sequence is a short amino acid sequence found on the second extracellular loop
(EL2) of claudins and is conserved on claudins 3, 4, 7, and 8. Treatment of mammary epithelial cells
showed mis-localization of claudins 3 and 4 away from tight junctions in response to the linear DFYNP
peptide, suggesting targeting this area on EL2 has the potential to disrupt endogenous claudin localization
and activity (Baumgartner et al., 2011).

The DFYNP sequence is shared by several claudins that are present and contribute to lung barrier
function, including claudins 3 and 4. The C5 peptide (Ac-EFYDP-NH,) is specific to claudin 5 and has
two amino acid substitutions as compared to the DFYNP sequence. C5 that has been used previously to
target and disrupt claudin 5 activity (Schlingmann et al., 2016). While this sequence is specific to both
claudin 1 and claudin 5, claudin 1 expression is unaffected by the peptide (Nasako et al., 2020;
Schlingmann et al., 2016). In addition to being specific to claudin 5, the aspartic acid (D) residue of the
original DFYNP peptide is not required from the peptide interaction with claudin proteins (Baumgartner
et al., 2011). The EFYDP sequence found in the C5 peptide is unlikely to cross-react with other non-
homologous claudins.

We have previously demonstrated that claudin 5 has significant deleterious effects on alveolar
barrier function and that C5 increased barrier function in alcohol-exposed alveolar epithelial cells
(Schlingmann et al., 2016). Therefore, claudin 5 represents a novel and potential pharmacologic target to
restore alveolar barrier function and fluid clearance in vivo and prevent acute respiratory distress

syndrome in the most vulnerable patients.
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Materials and Methods

Mice

Experiments were performed in accordance with the National Institutes of Health Guidelines for the
Use of Laboratory Animals guidelines and were approved by the Institutional Animal Care and Use
Committee at Emory University School of Medicine. Isogenetic twelve-week-old male C57BL/6 wild-
type mice were used for all experiments (Jackson Laboratory, Bar Harbor, ME). Animals were housed
with a maximum of five animals per cage. All animals were kept under constant temperature at 21 °C and
under 12 h light-dark cycle with ad libitum access to regular chow diet. In the alcohol group, ethanol was
administered by increasing ethanol concentration from 0% to 20% in 5% increments over a two week
period, and then mice were maintained at 20% ethanol for an additional 16 weeks. For instillation
experiments, mice were anesthetized via IP injection of xylazine (10 mg/kg) and ketamine (100 mg/kg).
Mice were suspended by their incisors on a rodent tilting work stand (Hallowell, Pittsfield, MA) for
orotracheal instillation as previously described (Lawrenz et al., 2014). Mice were weighed while awake

and prior to receiving a sedative for all weight measurements.

Lipopolysaccharide (LPS) administration
Alcohol- and water-fed mice were injected with 5 mg/kg E. coli 055:B5 LPS purchased from Sigma
(L2637). Anesthetized mice received an intratracheal instillation (50 ul) of LPS. Results are reported as

percent change in weight + standard error of the mean.

Nebulized treatment with aCT1 or C5

To antagonize Cx43 interaction with ZO-1, a 25-amino acid peptide that contains a 16 amino acid
antennapedia cell internalization sequence (RQPKIWFPNRRKPWKK) linked to the Cx43 CT amino
acids 374-382 (RPRPDDLEI) that encompass the ZO-1 PDZ2 binding domain (Hunter et al., 2005). A
control peptide for aCT1was generated by reversing the Cx43 amino acid sequence (IELDDPRPR). Both
peptides were dissolved in PBS and diluted with PBS for nebulization.

To antagonize claudin 5, a short D-peptide (Ac-EFYDP-NH,) analogous to the claudin-3/4 peptide
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that was previously described (Baumgartner et al., 2011), synthesized by LifeTein (Sumerset, NJ), and
named C5 (Schlingmann et al., 2016). A control peptide for C5 experiments was synthesized (Ac-LYQY-
NH,). Cysteine residues are added to both ends of the peptide to stabilize the peptide. D-amino acids were
used to generate the C5 peptide as D-amino acids were found to be significantly more stable to
proteolysis than the L-amino acid form in the DFYNP sequence (Baumgartner et al., 2011). Both C5 and
control peptides were dissolved in 30% DMSO in water prior to dilution in PBS for nebulization.

One hour after mice received an intratracheal treatment of LPS, mice were randomly assigned to
receive either the therapeutic drug or its corresponding peptide. aCT1 and its control peptide were
nebulized in 1 mL of PBS for a final exposure dose of 5 mg/kg. C5 and its control peptide were nebulized
in 1 mL of PBS for a final exposure of either 5 mg/kg or 50 mg/kg as indicated. Anesthetized mice were
placed in a mouse restraining tube and peptide was nebulized over room air to deliver the full 1 mL in 10
minutes (AeronebLab Aerogen, Galway, Ireland). Mice were allowed to fully recover and wake on a

heating pad before returning for overnight observation.

Lung permeability as measured by Evans Blue extravasation

Approximately 24 h after nebulization with a therapeutic peptide or its control, mice were re-
weighed and anesthetized for an Evans Blue permeability assay. Mice were placed on a heating pad and
the tail was sterilized with an alcohol wipe. 200 pl of 0.5% Evans Blue in PBS was injected into the tail
vein with a 30-gauge needle. The mice were allowed to recover on a heating pad for 1 h and then
sacrificed while still under anesthesia. 250 pl of blood was collected by cardiac puncture and centrifuged
at 1500 x g for 15 min to collect serum. Bronchoalveolar lung lavage (BAL) fluid was collected by
flushing the lungs twice via a tracheal tube with 500 ul of ice-cold PBS with protease inhibitors and
centrifuged at 1500 x g for 15 minutes to collect cell-free BAL fluid.

Evans Blue in the serum and BAL fluid was analyzed by spectrophotometry (620 nm) (Radu &
Chernoff, 2013). Evans Blue readings were corrected for contaminating heme analyzing samples at 740

nm and using the correction factor y = 1.193x +0.007 as previously described (Moitra et al., 2007) and
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reported as Evans Blue in the BAL and/or normalized to corresponding serum Evans Blue levels.

Immunoblot of Claudin 5 and Actin

Lung tissue was snap-frozen in liquid nitrogen at the time of sacrifice. Tissue was later weighed,
thawed on ice, and added to 5 ml/mg tissue of lysis buffer (50 mM Tris HCI; 10 mM EDTA; 100 mM
NacCl; 0.5% Triton X-100) with protease inhibitors, homogenized with a Dounce homogenizer, incubated
for 30 min on ice, and sonicated 4 x 3 s. Homogenates were centrifuged at 10,000 x g for 10 min.
Supernatants were collected, and total protein concentration was assessed using the Pierce BCA Protein
Assay kit (ThermoFisher Scientific). Protein was diluted with 6x Laemlli buffer with DTT and heated for
10 min at 60 °C. Protein was separated via electrophoresis on a 4-20% SDS-PAGE stain-free gel
(BioRad, Hercules, CA) and transferred to a PVDF membrane using the Transblot Turbo (BioRad) at 25V
for 7 min. Membranes were blocked in Odyssey Blocking Buffer (LI-COR, Lincoln, NE) for 1 h at RT.
Membranes were then incubated overnight with 1:250 dilution mouse anti-claudin 5 (Thermo-Fisher, 35-
2500) or 1:10,000 dilution rabbit anti-beta actin (Millipore Sigma, A2103) as a loading control.
Membranes were washed in TBS + 0.5% Triton X-100. The blots were incubated for one hour with
1:10,000 dilution goat anti-rabbit IgG IRDye 680RD (LI-COR, 925-68071) and 1:10,000 Goat anti-
mouse 1gG IRDye 800CW (LI-COR, 926-32210) and then imaged and quantified using an Odyssey

Classic imager (LI1-COR) and band densitometry normalized to actin using Fiji.
Statistical Analysis

Comparisons between two groups was performed by unpaired, two-tailed t-test while comparisons
between multiple groups were performed by one-way ANOVA with Tukey's multiple comparisons test

using GraphPad Prism software. Data are represented as mean + standard error of the mean and the

statistical significance level was set at 0.05.

Results

Claudin 5 expression is increased after chronic exposure to alcohol
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Alcohol was previously shown to upregulate claudin 5 expression in alveolar epithelial cells
derived from alcohol-fed rats (Schlingmann et al., 2016). To determine alcohol had the same effect in
mice and establish the murine model for additional therapeutic models for alcoholic lung disease,
expression of claudin 5 was measured by immunoblot from whole lungs derived from alcohol-fed or
water-fed control mice (Figure 5.1). Relative protein expression of claudin 5 levels was increased by over
60 % (1.665 £ .1301, n = 12) in alcohol-fed mice relative to control (1 +.1301, n = 13). While this
finding was conducted in whole lungs, the effect of alcohol on claudin 5 is likely to be significantly
greater if the alveolar epithelial cells were isolated from the non-epithelial tissue in this model. It is likely
the magnitude of the effect was dampened given the steady state high expression of claudin 5 in

endothelial cells (Kaarteenaho et al., 2010; Kakogiannos et al., 2020).

C5 peptide did not impact total blood volume

We have previously demonstrated the restorative properties of the C5 peptide on alveolar barrier
function in alcohol-exposed primary alveolar epithelial cells (Schlingmann et al., 2016). Since dietary
alcohol increased levels of claudin 5 protein in vivo (Figure 5.1) and caused alveolar barrier dysfunction
(Smith et al., 2019), | performed an Evans Blue permeability assay to test if C5 had therapeutical potential
to reverse alcohol-induced barrier dysfunction. Wild-type C57BL/6 mice consumed 20% ethanol for 16
weeks with ad labitum access to normal lab chow and were compared to age-matched, littermate water-
fed control mice. All mice received an instillation treatment of LPS and were subsequently exposed 1
hour later to either a control peptide or C5 at 5 mg/kg (Figure 5.2A) or 50 mg/kg (Figure 5.2B) via
nebulization for 10 minutes. An Evans Blue permeability assay was conducted 24 h later by tail vein
injection while anesthetized (Smith et al., 2019, 2021). All four groups of mice had similar concentrations

of Evans Blue dye in their serum, suggesting C5 does not have an acute effect on blood volume.

C5 peptide did not improve alcohol-induced alveolar leak
We have previously demonstrated that the Evans Blue permeability assay can be used to measure

alveolar epithelial permeability in vivo (Smith et al., 2019). To determine if C5 was able to mitigate the
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effect of alcohol-induced epithelial barrier dysregulation after a direct LPS injury, | conducted an Evans
Blue permeability assay on water-fed or alcohol-fed mice that received an intratracheal treatment of LPS
followed by either nebulized C5 (5 mg/kg) or control peptide. Evans Blue levels were measured in the
BAL (Figure 5.3A) and were normalized to Evans Blue serum levels to normalize input (Figure 5.3B).
The experiment was repeated at a higher concentration of C5, 50 mg/kg, and produced similar results
(Figure 5.4). Evans Blue was higher in alcohol-fed mice relative to water control in both control peptide
and C5 peptide groups, at both concentrations, although this was not statistically significant likely due to
low sample size. A predictive power analysis recommends 8-10 mice per experimental group based on
previous data (Smith et al., 2019). It is possible that the C5 peptide was too hydrophilic to penetrate the

surfactant layer that covers the apical surface of the alveoli.

aCT1 does not impact weight loss or total blood volume

We have previously shown that lipopolysaccharide (LPS) administered by intratracheal instillation
resulted in a reduced body weight of 5-10%, which is consistent with previous studies that measured the
effects of LPS on body weight (Smith et al., 2019; Wang et al., 2016). This weight loss was attributed to
the bacterial endotoxin inducing a protective sickness response behavior, inflammation-induced anorexia,
that causes a loss of appetite and reduce food intake (Konsman et al., 2002; van Niekerk et al., 2016). To
evaluate the systemic effect of aCT1 on inflammation-induced weight loss, wild-type C57BL/6 mice
consumed 20% ethanol for 16 weeks with ad labitum access to normal lab chow and were compared to
age-matched, littermate water-fed control mice. All mice received an instillation treatment of LPS and
were subsequently exposed 1 hour later to either 5mg/kg aCT1 or a control peptide via nebulization for
10 minutes. All four groups of mice lost approximately 5 — 10% of their original pre-weight (Figure 5.5).
There was no difference in weight loss between control peptide and aCT1 in either water-fed or alcohol-
fed mice, although aCT1-treated alcohol-fed mice lost less weight than control peptide-treated water-fed
mice. Taken together, aCT1 does not seem to have systemic effect on inflammation-induced weight loss.

Evans Blue dye has long been used in biomedicine to estimate blood volume and vascular



Page | 80

permeability (Evans & Schulemann, 1914; Lawrence & Walters, 1959; Persson & Ullberg, 1979; Radu &
Chernoff, 2013; Yao et al., 2018). In order to measure if aCT1 affected total mouse blood volume, water-
fed or alcohol-fed were given an intratracheal instillation of LPS followed by either aCT1 or control
peptide nebulization. Approximately 24 h after peptide treatment, mice were administered Evans Blue
dye by tail vein injection while anesthetized to conduct an Evans Blue permeability assay as previously
described (Smith et al., 2019). Blood was collected 1 h later and it was found that all four groups of mice
had similar concentrations of Evans Blue dye in their serum (Figure 5.6). This suggests that aCT1 does

not have an acute effect on total blood volume.

aCT1 improved alcohol-induced alveolar leak

We have previously demonstrated that the Evans Blue permeability assay can be used to measure
alveolar lung vessel and epithelial permeability in vivo (Smith et al., 2019, 2021). We have shown that a
direct, intratracheal injury with either saline or LPS increases lung permeability and disrupts the alveolar
epithelial barrier in alcohol-fed mice as measured by Evans Blue present in the recovered bronchoalveolar
lavage (BAL) fluid (Smith et al., 2019). As previously discussed, aCT1 has significant therapeutic
potential to improve both epithelial and endothelial barrier function. We wanted to determine if aCT1 was
able to mitigate the effect of alcohol-induced epithelial barrier dysregulation after a direct LPS injury as
measured by an Evans Blue permeability assay. In this study, water-fed or alcohol-fed mice received an
intratracheal treatment of LPS followed by either nebulized aCT1 or control peptide and then an Evans
Blue tail vein injection 24 h later. Evans Blue levels were measured in the BAL (Figure 5.7A) and were
normalized to Evans Blue serum levels to normalize input (Figure 5.7B).

Not surprisingly, alcohol-fed mice had a 2-fold increase in Evans Blue relative to water-fed mice
when both groups were nebulized with the control peptide (Figure 5.7B). This is consistent with our
previous findings of the negative effect of alcohol on lung barrier function (Schlingmann et al., 2016;
Smith et al., 2019). Interestingly, aCT1 reduced the amount of alveolar leak, as measured by Evans Blue,

by over 80% in alcohol-fed mice, restoring the levels to near baseline levels. The aCT1 peptide had no
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effect on water-fed mice which was expected as these mice had an intact, functional barrier despite

exposure to LPS.
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Discussion

In the present study, two therapeutic peptides were evaluated to mitigate alcohol-mediated barrier
dysfunction following a ‘second-hit” endotoxin injury. Both peptides target the Claudin-18/Z0-1/actin
cytoskeletal association and interaction to restore normal paracellular permeability. The C5 peptide
targets and disrupts the second extracellular loop of claudin 5 and inhibits heterotypic cis-interactions of
claudin 5 with claudin 18. The aCT1 peptide targeting the C-terminus of Cx43 and inhibits ZO-1/Cx43
interaction and stabilizes the ZO-1 structure to more freely associate with claudin 18 by inhibiting
connexin-claudin steric hindrance at the ZO-1 PDZ binding domains. Here, C5 did not reverse the
alveolar leak in alcohol-fed mice at the two tested concentrations, 5 mg/kg and 50 mg/kg. However, the
aCT]1 peptide showed therapeutic value in alcohol-fed mice by improving alveolar barrier leak as
measured by an Evans Blue permeability assay.

The composition and dynamics of tight junction proteins found in the apical junctional complex
play a large role in mediating paracellular flux of solutes and ions. Evidence suggests that the claudin
family of proteins are the major determinants of paracellular permeability (Gunzel & Yu, 2013). The
specific composition of claudins located in the tight junctions largely determines their permeability
properties (Schneeberger & Lynch, 2004). Claudin 5 is normally lowly expressed in alveolar epithelial
cells but is upregulated in response to dietary alcohol (Schlingmann et al., 2016). Additionally, claudin 5
was shown to be both necessary and sufficient to diminish alveolar barrier dysfunction in alcohol-exposed
alveolar epithelial cells (Schlingmann et al., 2016). Here, we found that dietary alcohol significantly
increased the expression of claudin in total lung lysates of mice (Figure 5.1). Claudin 5 is expressed
ubiquitously in endothelial tight junctions, including the pulmonary microvasculature (Chen et al., 2014;
Morita et al., 1999; Zhou et al., 2018). Therefore, it is likely the endogenous levels of claudin 5 in the
pulmonary microvasculature of both water-fed and alcohol-fed dampened the measurable impact of
alcohol and relative increase of claudin 5 in the pulmonary epithelia. To determine the effect of alcohol

on epithelial tight junctions in the lung, type | and type Il pneumocytes should be isolated and examined



Page | 83

for claudin 5 protein levels following chronic alcohol exposure (Chen et al., 2004; Sinha & Lowell,
2016).

The C5 peptide has been used previously to restore alcohol-mediated barrier dysfunction in vitro
by increasing transepithelial resistance and decreasing flux of calcein and Texas Red dextran across the
alveolar epithelial monolayer in cells derived from alcohol-fed rats (Schlingmann et al., 2016). Here, we
used an Evans Blue permeability assay to measure barrier function in alcohol-fed mice. Interestingly, the
C5 peptide delivered via nebulization 1 hr following LPS treatment did not rescue the effects of alcohol at
either of the tested concentrations (Figure 5.3, Figure 5.4). Future work should focus on optimizing C5
delivery parameters, including peptide concentration and delivery method and time following acute lung
injury. Additionally, the five amino acid peptide may need to include a hydrophobic segment to permit
penetration of the hydrophobic surfactant proteins that line the apical surface of the epithelial cells
(Wustneck et al., 2005).

We also tested aCT1 peptide to restore paracellular permeability following chronic alcohol
treatment. aCT1 co-localizes with ZO-1 and upregulated cell-cell border localization of ZO-1 in cultured
endothelial cells (Strauss et al., 2021). The aCT1 peptide has previously been extensively used in tissue
for various novel therapeutic purposes in the fields of tissue engineering and regenerative medicine
(Ghatnekar et al., 2015; Grek et al., 2017; Grek et al., 2015; Jiang et al., 2019; Montgomery et al., 2021;
O'Quinnetal., 2011; Obert et al., 2017; Ongstad et al., 2013; Soder et al., 2009). Here, we determined
that nebulized aCT]1 treatment following intratracheal endotoxin injury rescued alcohol-mediated barrier
dysfunction by decreasing the extravasation of Evans Blue into the alveolar air space. There was no
difference in weight or serum concentration of Evans Blue dye following nebulized treatment of aCT1,
suggesting little to no systemic side effects on systemic vascular permeability. These data suggest aCT1
has significant potential therapeutic value in the prevention and treatment of pathologic increases in

alveolar epithelial permeability, such as with pulmonary edema.
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Figure 5.1. Dietary alcohol increases the expression of claudin 5.
Lungs from alcohol-fed or water-fed mice were collected and processed for protein extraction. (A)
Claudin 5 (Cldn5) was measured by immunoblot and normalized to actin. (B) A representative

immunoblot. n = 12-13. ***p = 0.0005. Values reported as mean + standard error of the mean.
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Figure 5.2. No difference in serum concentration of Evans Blue dye with C5 treatment.
Mice received an IT treatment of LPS at 5mg/kg. After 1 h, mice were nebulized with control or C5
peptide at 5 mg/kg (A) or 50 mg/kg (B) for 10 mins. 24 h later the mice were administered Evans Blue by
tail vein injection while anesthetized and allowed to recover for 1 h before blood was collected. Results
were corrected for the presence of heme. There was no difference in Evans Blue serum levels between
control peptide and C5 in either water-fed or alcohol-fed mice. n = 4-8. Values reported as mean +

standard error of the mean.
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Figure 5.3. C5 (5 mg/kg) did not reverse alveolar leak of Evans Blue dye in alcohol-fed

mice.

Mice received an IT treatment of LPS at 5 mg/kg. After 1 h, mice were nebulized with control or C5
peptide at 5 mg/kg for 10 mins. 24 h later the mice were administered Evans Blue by tail vein injection
while anesthetized and allowed to recover for 1 h before BAL and blood were collected. Results were
corrected for the presence of heme and are represented as BAL (A) or BAL normalized to Evans Blue

serum levels (B). n = 5-8. Values reported as mean + standard error of the mean.
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Figure 5.4. C5 (50 mg/kg) did not reverse alveolar leak of Evans Blue dye in alcohol-fed
mice.

Mice received an IT treatment of LPS at 5 mg/kg. After 1 h, mice were nebulized with control or C5
peptide at 50 mg/kg for 10 mins. 24 h later the mice were administered Evans Blue by tail vein injection
while anesthetized and allowed to recover for 1 h before BAL and blood were collected. Results were
corrected for the presence of heme and are represented as BAL (A) or BAL normalized to Evans Blue

serum levels (B). n = 4-6. Values reported as mean + standard error of the mean.
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Figure 5.5. aCT1 has no significant impact on intratracheal lipopolysaccharide-mediated

weight loss.

Mice were weighed (pre-weight) and then received an IT treatment of LPS at 5mg/kg. Control peptide or

aCT1 was nebulized 1 h later at 5mg/kg for 10 mins. Mice were re-weighed 24 h later (post-weight). Data

represent % weight change from pre-weight. There was no difference in weight loss between control

peptide and aCT1 in either water-fed or alcohol-fed mice. n = 10-13, *p = 0.022. Values reported as mean

+ standard error of the mean.
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Figure 5.6. No difference in serum concentration of Evans Blue dye with aCT1 treatment.
Mice received an IT treatment of LPS at 5mg/kg. After 1 h, mice were nebulized with control or aCT1
peptide at 5Smg/kg for 10 mins. 24 h later the mice were administered Evans Blue by tail vein injection
while anesthetized and allowed to recover for 1 h before blood was collected. Results were corrected for
the presence of heme. There was no difference in Evans Blue serum levels between control peptide and
aCT1 in either water-fed or alcohol-fed mice. n = 10-18. Values reported as mean * standard error of the

mean.
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Figure 5.7. aCT1 reverses alveolar leak of Evans Blue dye in alcohol-fed mice.

Mice received an IT treatment of LPS at 5mg/kg. After 1 h, mice were nebulized with control or aCT1

peptide at 5Smg/kg for 10 mins. 24 h later the mice were administered Evans Blue by tail vein injection

while anesthetized and allowed to recover for 1 h before BAL and blood were collected. Results were

corrected for the presence of heme and are represented as BAL (A) or BAL normalized to Evans Blue

serum levels (B). Alcohol-fed mice had increased alveolar leak compared to water-fed mice, and this

increase was reversed to baseline levels after treatment with aCT1. n=9-17. *p < 0.05. Values reported

as mean * standard error of the mean.
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Chapter 6: Future Therapeutic Targets and Injury Models

Introduction

Claudin 4

Claudins are a family of proteins that regulate paracellular permeability to both ions and solutes
and are crucial to tight junctions and alveolo-capillary barrier function. There are three highly expressed
claudin isoforms in alveolar epithelial cells, claudins 3, 4, and 18. Claudin 4 is exclusively expressed in
the airway epithelial, but not endothelial cells that line the alveoli or other distal lung cells (Chen et al.,
2005; Kaarteenaho-Wiik & Soini, 2009; LaFemina et al., 2010; Ohta et al., 2012; Wang et al., 2003).
Previous studies have shown that increases in the expression of claudin 4 were correlated to higher
transepithelial resistance, a measurement of barrier function (Chen et al., 2005; Mitchell et al., 2011).
Conversely, suppression of claudin 4 by was associated with decreased in transepithelial resistance (Wray
et al., 2009). Surprisingly, global claudin 4 knockout in mice show only a minimal lung impairment.
Global loss of claudin 4 at baseline led to lower alveolar fluid clearance and higher solute permeability
but unchanged wet:dry lung weight ratios or differences in transepithelial resistance compared with wild-
type mice (Kage et al., 2014). However, claudin 4 knockout mice were more susceptible to lung injury
after hyperoxia and ventilator-inducted lung injury in an injury severity-dependent manner as well as
measured by total protein concentration in bronchoalveolar lavage fluid. Claudin 4 mRNA expression
rose significantly after noninjurious levels (20 cm H20) and injurious levels (40 cm H20) of ventilation as
well as with hyperoxia (Kage et al., 2014). Additionally, claudin 4 was associated with greater ARDS
severity (Rokkam et al., 2011; Wray et al., 2009). These data suggest that while claudin 4 may have
minimal effect on normal lung physiology, claudin 4 may function to protect against different forms of
acute lung injury.

Chronic alcohol use decreases the expression of claudin 4 in alveolar cells derived from alcohol-
fed rats (Schlingmann et al., 2016). We wanted to test if global claudin 4 knockout mice were more

susceptible to alcohol-mediated lung barrier dysfunction, but first needed to establish a baseline for
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claudin 4 knockout response to our LPS injury models. Here, we test the systemic and local impact of

LPS in claudin 4 knockout mice.

Klebsiella pneumoniae

Klebsiella pneumonia (K. pneumoniae) is a Gram-negative, bacterium that is a common cause of
antimicrobial-resistant opportunistic infections in hospitalized patients. K. pneumoniae is one of the
world’s leading nosocomial pathogens and some strains have been recognized by the World Health
Organization as a critical public health threat (Pendleton et al., 2013; WHO, 2017; Wyres et al., 2020). K.
pneumoniae has emerged as a major public health threat due to the increasing incidence of hospital-
associated infections caused by multidrug-resistant strains and community-acquired infections caused by
hypervirulent strains that express newly acquired virulence factors. This virulent strain of bacteria is the
third leading cause of hospital-acquired infections and the second leading cause of blood stream
infections caused by Gram-negative bacteria (Magill et al., 2014). K. pneumoniae can cause severe
community-acquired infections in otherwise healthy patients who do not share the same risk factors for
hospital-acquired infections (Meatherall et al., 2009). Commaon and hypervirulent infections of K.
pneumoniae can cause urinary tract infections, nosocomial pneumonia, endophthalmitis, meningitis, and
intraabdominal infections, necrotizing fasciitis, non-hepatic abscess, and pyogenic liver abscesses, all of
which may be accompanied by bacteremia or metastatic spread (Russo & Marr, 2019).

An important host risk factor for developing K. pneumoniae community-acquired infections is a
history of chronic alcoholism, increasing the risk of the patient to develop pneumonia (Ko et al., 2002).
The most likely mechanism for developing pneumonia from K. pneumoniae is due to aspiration of the
bacterium found in the pharyngeal mucosa into the lung. Researchers found that in two of the observed
countries, Taiwan and South Africa, community-acquired pneumonia due to K. pneumoniae was
significantly associated with alcoholism as defined by the patient’s physician (Ko et al., 2002). A
population-based cross-sectional study found that alcohol consumption per week (OR 1.7, 95% CI 1.04 —

2.8) was independently associated with oropharyngeal carriage of K. pneumoniae and that consuming one
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more liter of alcohol per week was associated with a 70% increase in odds of K. pneumoniae carriage
(Dao et al., 2014). Alcohol consumption decreases early- and long-term survival rates in mice after
infection with K. pneumoniae (Shellito et al., 2001; Zisman et al., 1998). Additionally, alcohol use vastly
decreases bacterial clearance of K. pneumoniae; 48 h after an intratracheal challenge of the K.
pneumoniae, alcohol-fed mice had a 37-fold increase in colony forming units isolated in the plasma and a
500-fold increase in the lungs (Zisman et al., 1998).

Given the association between alcoholism and decreased bacterial clearance, decreased survival
rate, and the prevalence of K. pneumoniae-associated pneumonia, our lab wanted to test whether an
interaction existed between alcohol consumption and K. pneumoniae and the combined effect on

decreasing barrier dysfunction.

Materials and Methods

Mice

Experiments were performed in accordance with the National Institutes of Health Guidelines for the
Use of Laboratory Animals guidelines and were approved by the Institutional Animal Care and Use
Committee at Emory University School of Medicine. Isogenetic twelve-week-old male C57BL/6 wild-
type mice were used for Wild-type experiments (Jackson Laboratory, Bar Harbor, ME). Claudin 4 KO
mice were collaborators (Kage et al., 2014). Animals were housed with a maximum of five animals per
cage. All animals were kept under constant temperature at 21 °C and under 12 h light-dark cycle with ad
libitum access to regular chow diet. In the alcohol group, ethanol was administered by increasing ethanol
concentration from 0% to 20% in 5% increments over a two-week period, and then mice were maintained
at 20% ethanol for an additional 8 weeks. For instillation experiments, mice were anesthetized via IP
injection of xylazine (10 mg/kg) and ketamine (100 mg/kg). Mice were suspended by their incisors on a
rodent tilting work stand (Hallowell, Pittsfield, MA) for orotracheal instillation as previously described
(Lawrenz et al., 2014). Mice were weighed while awake and prior to receiving a sedative for all weight

measurements.
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Lipopolysaccharide (LPS) administration
Alcohol- and water-fed mice were administered 5 mg/kg E. coli 055:B5 LPS purchased from Sigma
(L2637). Anesthetized mice received an intratracheal instillation (50 ul) of LPS. Results are reported as

percent change in weight + standard error of the mean.

Total lung protein
Recovered bronchoalveolar lavage (BAL) fluid was kept on ice and centrifuged at 1500 x g for 15

min. Supernatant was collected and stored at —20 °C. Total BAL fluid protein was measured using the

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Measurement of 1L-6 by MILLIPLEX® Multiplex Assay

Bronchoalveolar lavage fluid was collected and centrifuged at 1500 x g for 15 minutes. 50 ul of
supernatant was used and analyzed in duplicate in the MILLIPLEX® Multiplex Assay (MCYTOMAG-
70K) on a Luminex® platform according to manufacturer’s protocol. Standards to determine linear curve

along with 2 quality control samples representing high and low levels for IL-6 were included in the assay.

Klebsiella pneumoniae administration and bacterial clearance

Klebsiella pneumoniae was grown in 3% Tryptic Soy Broth (IPM Scientific, Inc.) for 18 h at 37°C
while shaking. Bacteria was centrifuged at 5,000 x g for 15 minutes and washed twice with PBS. After
second wash, Klebsiella pneumoniae was resuspended in 10 mL PBS and contained 2 x 10*° colony-
forming units/mL. Klebsiella pneumoniae was diluted from 2 x 10 to 2 x 107 (Figure 6.6) and 2 x 10 —
2 x 10° (Figure 6.5). 100 pl of the 2 x 10% and 2 x 103 dilution was plated onto MacConkey Agar plates to
evaluate for proper concentration. Plates should grow 200 and 20 colony-forming units, respectfully.

Anesthetized alcohol- and water-fed mice were given an intratracheal instillation of Klebsiella
pneumoniae in 50 pl at various concentrations. To evaluate bacterial clearance, bronchoalveolar lavage
fluid was harvested and centrifuged at 3,000 x g for 15 minutes. 10 ul of the cell-free lavage fluid was
diluted 1:10, and 100 pl, plated onto MacConkey Agar plates overnight at 37°C, and total number of

colony-forming units were counted. Results are reported as percent change in weight + standard error of
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the mean.

Lung permeability as measured by Evans Blue extravasation

24 h after intratracheal treatment, mice were either re-anesthetized for an Evans Blue permeability
assay. Mice were placed on a heating pad or kept in the mouse restrainer and the tail was sterilized with
an alcohol wipe. 200 ul of 0.5% Evans Blue in PBS was injected into the tail vein with a 30-gauge needle.
The mice were allowed to recover on a heating pad for 1 h and then sacrificed while still under anesthesia.
250 pl of blood was collected by cardiac puncture and centrifuged at 1500 x g for 15 min to collect
serum. Bronchoalveolar lung lavage (BAL) fluid was collected by flushing the lungs twice via a tracheal
tube with 500 ul of ice-cold PBS with protease inhibitors and centrifuged at 1500 x g for 15 minutes to
collect cell-free BAL fluid.

Evans Blue in the serum and BAL fluid was analyzed by spectrophotometry (620 nm) (Radu &
Chernoff, 2013). Evans Blue readings were corrected for contaminating heme analyzing samples at 740
nm and using the correction factor y = 1.193x +0.007 as previously described (Moitra et al., 2007) and

reported as Evans Blue in the BAL and/or normalized to corresponding serum Evans Blue levels.

Statistical Analysis

Comparisons between two groups was performed by unpaired, two-tailed t-test while comparisons
between multiple groups were performed by one-way ANOVA with Tukey's multiple comparisons test
using GraphPad Prism software. Data are represented as mean + standard error of the mean and the

statistical significance level was set at 0.05.

Results

Claudin 4 KO mice have similar alveolar inflammation response to LPS

To test the extent of acute lung injury in our two-hit model in claudin 4 KO mice, | measured the
effect of a direct lung injury on lung airspace protein levels. Total protein was measured in
bronchoalveolar lavage (BAL) fluid from claudin 4 KO mice that received an intratracheal administration

of either PBS or LPS (Figure 6.1) and was compared to wild-type mice (Smith et al., 2019). LPS injury
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increased total BAL protein in both wild-type and claudin 4 KO groups to similar levels. Baseline
concentrations of total protein were similar in both groups (274.1 + 155.7 in Wild-type versus 333.1 £
172.6 in claudin 4 KO) as were after LPS exposure (806.8 + 580.8 versus 1315 + 467.4). This suggests

claudin 4 KO have a similar acute response as Wild-type mice to an LPS challenge.

Claudin 4 KO mice are more susceptible to intratracheal injury

As previously discussed, lipopolysaccharide (LPS) administered by intratracheal instillation
results in a modest reduction of body weight which is likely due to an inflammation-induced anorexia
(Konsman et al., 2002; Smith et al., 2019; van Niekerk et al., 2016; Wang et al., 2016). To evaluate the
contribution of claudin 4 on the systemic effects of LPS, claudin 4 KO mice received an intratracheal
instillation of PBS or LPS and weighed 24 h later. The data was compared to Wild-type mice who
underwent the same experimental conditions (Smith et al., 2019). Wild-type mice lose only 3% body
weight with PBS instillation (3.28% * 2) compared to 8% with LPS (8.68% + 1.4), while claudin 4 KO
mice lose similar weight whether they are given PBS (8.31% * 1.2) or LPS (7.9% + 1.3), (Figure 6.2).
Claudin 4 mice have a more severe impact to their weight after PBS intratracheal injury than wild-type

mice (Figure 6.2) despite similar levels of inflammation in the lung (Figure 6.1)

Alcohol increases levels of IL-6 in lavage fluid after LPS treatment

Wild-type mice were fed either water or alcohol for 8 weeks and given an intratracheal
instillation of LPS. Bronchoalveolar lavage was collected and examined by MILLIPLEX® Multiplex
Assay using Luminex® for IL-6. Alcohol-fed mice had higher levels of IL-6 in their bronchoalveolar
lavage than water-fed mice (Figure 6.3A). IL-6 levels in water-fed and alcohol-fed mice that did not
receive an LPS intratracheal treatment were undetectable (data not shown). We next wanted to examine if
IL-6 levels would remain elevated even after alcohol withdrawal. Mice that were fed alcohol for 8 weeks
were then switched back to water for 2, 4 or 6 weeks before given an LPS treatment and analyzed for IL-6
levels. While levels were still elevated, we did not include water-fed controls for this experiment, so we

are unable to determine if the alcohol effect persisted relative to mice that were always fed water (Figure
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6.3B).

Klebsiella pneumoniae increases alveolar leak in a dose-dependent manner

To evaluate the systemic effects of increasing concentrations of Klebsiella pneumoniae infection,
wild-type mice were given an intratracheal instillation of PBS or 10% 10*, or 10° ul of Klebsiella
pneumoniae and evaluated 24 h later for changes in weight. There was no dose-dependent effect of
Klebsiella pneumoniae on changes in weight (Figure 6.4). Interestingly, mice lost on average 2.3 — 4.3%
body weight, lower than what we previously have witnessed with intratracheal instillations of LPS,
usually a 5-10% weight loss (Figure 5.1, Figure 6.2), (Smith et al., 2019).

We next wanted to test if increasing Klebsiella pneumoniae concentrations would cause a dose-
dependent increase in alveolar leakage, as measured by increased Evans Blue permeability. Wild-type
mice given an intratracheal administration of PBS or 102, 10*, or 10° ul of Klebsiella pneumoniae were
given an Evans Blue permeability assay 24 h after intratracheal bacterial inoculation. As the concentration
of Klebsiella pneumoniae was increased, there was a dose-dependent increase in Evans Blue that leaked
into the alveolar space (Figure 6.5). This suggests that increasing infection burden likely increases

inflammation, leading to increased alveolar leak and barrier disruption.

Alcohol decreases bacterial clearance of Klebsiella pneumoniae

Last, we wanted to test the effect of alcohol use on alveolar leak in this new injury model.
Alcohol-fed and water-fed wild-type mice received an intratracheal treatment of 10 Klebsiella
pneumoniae and evaluated for clearance of the bacterium in the lavage fluid 24 h later. Alcohol-fed mice
had higher levels of Klebsiella pneumoniae colony-forming units in their lavage fluid relative to water-fed
mouse controls (p = 0.0526, Figure 6.6). This data confirms previous reports of alcohol-mediated lung

clearance of Klebsiella pneumoniae in mice (Zisman et al., 1998) and in rats (Mehta et al., 2011).
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Figure 6.1. Claudin 4 KO mice have similar levels of inflammation in bronchoalveolar

lavage to Wild-type mice.

Mice received IT treatment of PBS or LPS at 5mg/kg and BAL was collected 24 h later. Total protein

concentration in BAL fluid was measured using the BCA assay. There was no difference in total BAL
protein between wild-type and claudin 4 (Cldn4) KO mice with PBS or LPS treatment. Wild-type data
were adapted from Smith, et al. (Smith et al., 2019). n = 3-10. *p = 0.029, **p = 0.003, Ip = 0.0542.

Values reported as mean + standard error of the mean.
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Figure 6.2. Claudin 4 KO mice are more susceptible to saline-induced intratracheal injury

than Wild-type mice.

Mice were weighed (pre-weight) and then received an IT treatment of PBS or LPS at 5 mg/kg. Mice were

re-weighed 24 h later (post-weight). Data represent % weight change from pre-weight. Wild-type data

adapted from Smith, et al. (Smith et al., 2019). n = 4-9, ****p < 0.0001 to WT, ***p < 0.001 to WT.

Values reported as mean = standard error of the mean.
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Figure 6.3. LPS-treated, alcohol-fed mice have higher levels of IL-6.

(A) Mice were fed water or alcohol for 8 weeks and then given an IT treatment of LPS at 5 mg/kg. (B)
Mice were fed alcohol for 8 weeks and then fed water for 2, 4, or 6 weeks before given an IT treatment of
LPS at 5 mg/kg. BAL was collected and analyzed by MILLIPLEX® Multiplex Assay using Luminex®
for IL-6. Alcohol-fed mice have higher levels of IL-6 after LPS treatment than water-fed mice and this
elevation persists for at least 6 weeks after alcohol withdrawal. n = 2-6. *p < 0.05. Values reported as

mean * standard error of the mean.
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Figure 6.4. No difference in weight changes with increased Klebsiella inoculation

concentration.
Mice were weighed (pre-weight) and then received 50 pl of PBS (Ctl), 102, 10*, or 10° Klebsiella via
intratracheal instillation. Mice were re-weighed 24 h later (post-weight). Data represent % weight change

from pre-weight. n = 6-7. Values reported as mean * standard error of the mean.
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Figure 6.5. Mice have increased alveolar leak with increased Klebsiella inoculation
concentration.

Mice received an IT treatment of PBS (Ctl), 102, 10* or 10° Klebsiella. 24 h later the mice were
administered Evans Blue by tail vein injection while anesthetized and allowed to recover for 1 h before
BAL and blood were collected. Results were corrected for the presence of heme and are represented as
BAL normalized to Evans Blue serum levels. n = 3-4. *p < 0.05 to Ctl, ***p < 0.001 to Ctl and 10%, **p <

0.01 to 10, Values reported as mean + standard error of the mean.
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Figure 6.6. Alcohol-fed mice have lower lung clearance of Klebsiella infection.

Mice received an intratracheal treatment of 50 pl of 107 Klebsiella pneumoniae. BAL was collected 24 h
later and plated onto MacConkey Agar plates. Plates were incubated at 37°C for 24 h and then total
number of colonies were counted. Alcohol-fed mice had more colonies remaining in their BAL than
water-fed mice, indicating decreased lung clearance. n = 6. p = 0.0526. Values reported as mean *

standard error of the mean.
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Chapter 7: Discussion — Conclusion and Future Directions

Overview of Findings

Understanding the molecular and cellular mechanisms that contribute to alcohol-mediated barrier
disruption is essential to designing novel therapeutics to prevent or reverse the alveolar epithelial
dysfunction. The overarching goal of my dissertation work was to explore how different tight junction
proteins contributed to barrier function in vivo. To accomplish this goal, | designed with Dr. Prestina
Smith a novel assay to evaluate alveolar function in a murine animal model that allowed simultaneous in
vivo measurement of both epithelial and endothelial barriers (Smith et al., 2019, 2021).

In this dissertation, I chose to investigate the interaction of alcohol with several ‘second-hit’
injuries, including hydrostatic fluid pressure, direct and indirect models of inflammation, and bacterial
pneumonia. | also tested two potential new peptide-based agents that not only can further inform about
the molecular mechanisms behind alcoholic lung disease but have significant clinical implications as

novel therapeutics.

In Vivo Measurement of Lung Vessel and Epithelial Permeability

Evans Blue is an azo dye that has an extremely high affinity for serum albumin in vitro or in vivo
(Saria & Lundberg, 1983; Wolman et al., 1981) and has long been used in biomedicine to estimate blood
volume and vascular permeability (Evans & Schulemann, 1914; Lawrence & Walters, 1959; Persson &
Ullberg, 1979; Radu & Chernoff, 2013; Yao et al., 2018). Once the dye is introduced via intravascular
injection, Evans Blue bound to albumin remains stably within the vascular walls as albumin cannot
normally cross most vascular barriers. Evans Blue can then be quantified fluorescently to measure the
extravasation of the dye from the blood vessels into different tissues, including the lung, kidneys, brain,
and cancers (Babickova et al., 2017; Maeda et al., 2003; Mammoto et al., 2013; Smith et al., 2019; Yao et
al., 2018).

Previous applications of Evans Blue dye have been used to identify leakage of the dye into the

combined alveolar and interstitial spaces of mice (Mammoto et al., 2013) or into the alveolar and
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interstitial spaces, separately, in rats (Verbrugge et al., 1998). In Chapter 2, we established a novel
method using Evans Blue dye to simultaneously measure the function of vascular and epithelial barriers
of murine lungs in vivo. In Chapter 3, we used this new application of the Evans Blue permeability assay
to evaluate the effects of how chronic alcohol consumption affects pulmonary edema in the interstitial and
alveolar spaces when coupled with an endotoxin-mediated lung injury. By comparing the alveolar
airspace compartment separately from the pulmonary interstitial space, this novel application of the Evans
Blue permeability assay can distinguish between edema and barrier disruption of different pulmonary
barriers. This application can advance a more targeting understanding of disease pathophysiologies as

well as give insight to cellular specificity of new therapeutics.
‘Second-hit’ Injury Models

Endotoxin-mediated inflammation

Chronic alcohol use negatively impacts the alveolar epithelial barrier whether the additional
injury is delivered indirectly (systemically) or directly (locally). In Chapter 3, we used the Evans Blue
Permeability assay, established in Chapter 2, to test how alcohol impairs endothelial and epithelial
barriers in the lung.

In this study, we find evidence that both airspace and tissue edema are likely drivers in how
alcohol-mediated lung dysfunction predisposes the lung to develop Acute Respiratory Distress Syndrome.
These findings are in agreement with previous studies that show that chronic alcohol use impairs lung
barrier and immune function (Mehta et al., 2013; Price et al., 2017; Schlingmann et al., 2016). We
delivered lipopolysaccharide directly onto the alveolar surface (via intratracheal instillation) as a model of
inflammatory pneumonia. We compared this model to mice given an intraperitoneal injection of
lipopolysaccharide as a model of sepsis, a form of indirect pulmonary injury. Both types of injury caused
interstitial edema regardless of endotoxin treatment. However, only the combination of the endotoxin
with alcohol use led to a breach in the alveolar epithelial barrier and an increase in macromolecule

permeability. The effects of alcohol on permeability alone did not involve inflammation, suggesting the
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change in pulmonary barrier function may not have impacted immune cell recruitment (Ward et al.,
2015).

When the endotoxin injury is administered directly, the endothelial barrier becomes further
compromised. Additionally, direct injury induced a pro-inflammatory response, measured by an increase
in total protein content in the bronchoalveolar lavage and an increase in presence and activity of immune
cells in the lung tissue. We hypothesize that part of the increase in total protein content included secretion
of surfactant and pro-inflammatory cytokines in addition to the increase in alveolar permeability
(Fehrenbach et al., 1998). Another interesting finding was the impairment of the pulmonary
microvasculature barrier due to alcohol, a finding that is consistent with blood brain barrier disruption in
response to alcohol (Haorah et al., 2007; Singh et al., 2007).

Testing the acute and chronic effects of alcohol use on the various pulmonary barriers is vital to
understanding the molecular mechanisms and clinical implications of alcoholic lung syndrome as well as
determining if both barriers need to be targeted when designing novel therapeutics. The finding that even
mild endotoxemia can induce barrier breach and tissue edema suggests the pulmonary damage likely
scales with the severity of the injury, such as bacterial or viral pneumonia. In Chapter 6, | begin to explore

the effects of alcohol use with bacterial pneumonia.

Bacterial pneumonia

Bacterial toxins can lead to the onset of exacerbation of lung diseases by altering the viability of
both the lung epithelial and capillary endothelial surfaces (Hamacher et al., 2017; Lucas et al., 2020;
Lucas et al., 2009). Alcohol use is associated with a decreased clearance rate of a bacterial pneumonia in
several animal models. Mice given regular access to alcohol had a decreased survival rate when infected
with Klebsiella pneumoniae (Zisman et al., 1998). Additionally, alcohol consumption reduced the
bacterial clearance of Pseudomonas aeruginosa infections in mice (Hunt et al., 2014) and in rats
(Greenberg et al., 1999). This is consistent with our findings that alcohol-fed mice had a decreased

bacterial clearance to Klebsiella pneumoniae (Figure 6.6).
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Bacterial toxins are capable of causing direct alveolar epithelial and capillary endothelial cell
dysfunction and/or death, leading to decreased barrier function and increased pulmonary edema. These
toxins can impair alveolar ion channels, form membrane pores, target cell cilia, respiratory mucosa, or
tight junction proteins, leading to the significant barrier disruption (Hamacher et al., 2017; Rangel et al.,
2015; Repp et al., 2002; Sandoval et al., 2001; Sonnen et al., 2014; Yang et al., 2018). This coincides
with our finding that an increased infection burden was associated with increasing levels of alveolar
barrier disruption (Figure 6.5).

There are several mechanisms through which excessive alcohol use increases the susceptibility to
develop a bacterial pneumonia infection, including impairing the innate immunity within the lower
airways (Joshi & Guidot, 2007; Mehta & Guidot, 2012, 2017). Chronic alcohol ingestion impacts the
expression of two signaling molecules that regulate immune cells, increasing the expression of TGFp1
and dampening GM-CSF receptors in alveolar epithelial cells and macrophages (Bechara et al., 2004;
Joshi et al., 2006). Critically ill patients that higher ratios of TGFB1 to GM-CSF had higher mortality,
suggesting that the impact of alcohol has a significant role in modifying the immune response (Overgaard
et al., 2015). Alcohol consumption in mice suppresses IL-12 and IL-17 release into lung tissue and may
be linked to the immunosuppression associated with alcohol abuse (Shellito et al., 2001; Zisman et al.,
1998). Here, we found that alcohol-fed mice had increased levels of the pro-inflammatory cytokine IL-6
in bronchoalveolar fluid after an endotoxin injury (Figure 6.3). Alcohol has previously been shown to
increase IL-6 in the airway in mouse models (Bailey et al., 2019; Gaydos et al., 2019). This is also
consistent with other studies that show that alcohol-dependent patients have significantly higher serum
levels of IL-6 as compared to controls (Heberlein et al., 2014; Nicolaou et al., 2004). IL-6 serum levels
were associated with alcohol craving and alcohol consumption and IL-6 levels decreased during

withdrawal (Heberlein et al., 2014).

Potential Therapeutic for Alcoholic Lung Disease

In this dissertation, | investigated the potential of mimetic peptides to prevent alcohol-mediated
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lung dysfunction in a mouse model. The aCT1 peptide has previously been used for a wide variety of
novel therapeutic purposes in both tissue engineering and regenerative medicine. aCT1 improved
microvascular dysfunction, cardiac function, and edema; provided cardioprotection from ischemia-
reperfusion injury; and improved wound healing (Ghatnekar et al., 2015; Grek et al., 2015; Jiang et al.,
2019; O'Quinn et al., 2011; Obert et al., 2017; Ongstad et al., 2013; Soder et al., 2009).

aCT1 is a peptide mimetic that can bind to ZO-1 and release it from intracellular Cx43, allowing
the tight junction protein to associate with claudins and prevent tight junction degradation in response to
injury (Strauss et al., 2021). One mechanism by which chronic alcohol use disrupts alveolar barrier
function is by increasing claudin 5 expression, which antagonizes and directly disrupts endogenous
claudin 18 binding to ZO-1 (Schlingmann et al., 2016). The specific mechanism is likely through a
claudin-claudin interaction that negatively affects the stability and organization of the tight junction
scaffold (Lynn et al., 2020). Here, | tested the potential of aCT1 to mitigate the effects of alcoholic lung
disease. When delivered after a direct endotoxin injury, aCT1 was able to reverse the deleterious effects
of alcohol on alveolar barrier dysfunction (Figure 5.3). This is likely due to aCT1 increasing the

intracellular availability of ZO-1 and thereby increasing claudin 18 association at the tight junctions.

Future Directions

Fluid pressure as a novel injury model

There is a critical need to develop additional injury models outside of those that create a state of
inflammation. In order to investigate various inflammatory effects of a specific disease or solve a
molecular mechanism, an injury model that can promote vascular leak without causing concomitant
activation of the immune system. Inducing endothelial injury with increased hydrostatic pressure can also
serve as a non-pharmaceutical model for temporarily increasing systemic interstitial pressure or inducing
brief systemic hypertension.

While we did not find a volume-dependent effect on alveolar leak at the tested volumes, it is

likely the mice excreted the excessive volume to reach steady state fluid homeostasis. This is also
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supported by the fact that alcohol is known to induce diuresis (Eiser, 1987; Roberts, 1963). Increasing
hydrostatic pressure to induce barrier disruption will still be a viable and novel injury model in both acute
(< 4 h) and chronic (> 2 day) fluid burden models.

We found that a small volume of fluid administered intraperitoneally did not induce significant
alveolar leak while conscious or under ketamine/xylazine sedation (Figure 4.1). It may be interesting to
compare these findings to alternative sedation methods (e.g. avertin, pentobarbital, and isoflurane)
(Erhardt et al., 1984; Ho et al., 2011; Stypmann, 2007; Uechi et al., 1998; Yan et al., 2007; Yang et al.,
1999) as we found a different pattern of alveolar leak between anesthetized and conscious mice.
Additionally, increasing hydrostatic pressure with higher volumes via both intraperitoneal (Figure 4.1)
and intravascular (Figure 4.4) routes may induce a more measurable leak response, for example 0.5 -1
volumes of mouse blood volumes (1-2 mL) (Kaliss & Pressman, 1950). Additionally, it is important to
test a bolus injection versus administering fluid over time to allow fluid accommodation if administering
a significant volume. While in this dissertation we exclusively tested phosphate-buffered saline, it would
be important to test more clinically relevant fluids that are commonly used during fluid resuscitation. A
debate exists between using normal saline (0.9% sodium-chloride) compared to a balanced solution
(crystalloid fluid), the latter of which are first choice for fluid resuscitation in the presence of
hypovolemia, hemorrhage, sepsis, or dehydration (Epstein & Waseem, 2022; Gordon & Spiegel, 2020).
These solutions include normal saline (0.9%, 0.45%, and 3%), Lactated Ringers, PlasmaLyte, and
Dextrose 5% in water (D5W) (Gordon & Spiegel, 2020).

An additional recommendation for using fluid to induce vascular and epithelial leak would be to
calculate a relationship between blood pressure and different volumes of intravascular fluid, then perform
an Evans Blue permeability assay at various fluid volumes. Establishing a fluid-pressure curve as it
relates to alveolar or endothelial leak would be a novel application of the Evans Blue assay and allow
researchers to measure a direct correlation between pressure and barrier dysfunction.

Previously studies have shown that loss of claudin 4 compromises alveolar function by

decreasing transepithelial resistance, lower alveolar fluid clearance, and higher solute permeability (Kage
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etal., 2014; Wray et al., 2009). Additionally, claudin 4 knockout mice were more susceptible to lung
injury after hyperoxia and ventilator-inducted lung injury. Previous studies suggest that while claudin 4
may have a minimal effect on normal lung physiology, the protein may be necessary to protect against
various forms of acute lung injury. In this study, we found that claudin 4 knockout mice were more
susceptible to non-inflammatory intratracheal injury (Figure 6.1, Figure 6.2). We hypothesize that claudin
4 may be structurally necessary to protect against increased fluid pressures. Establishing whether claudin
4 knockout mice are more susceptible to a hydrostatic fluid injury model may give further insight to the

functional role of claudin 4 in the alveolar membrane.

aCT1 therapeutic potential with additional injury models

Collaborators have previously demonstrated that the aCT1 peptide can be administered prior to
an LPS injury or to prevent oxidative-stress induced pulmonary injury (data not shown). Here, |
demonstrated that aCT1 can be given after a minor inflammatory insult to rescue the deleterious effects of
alcohol on alveolar barrier dysfunction (Figure 5.3). Whether aCT1, administered post-insult, can reverse
alveolar barrier disruption at dosages closer to clinical sepsis or lethality, or if aCT1 would need to be
given prior to the injury as a pre-treatment to prevent significant alveolar leak, remains to be seen.

Additionally, we only tested the endotoxin LPS as a model for inflammatory pneumonia and
found a beneficial effect of aCT1. We recommend testing alcohol use with additional injury models, such
as bacterial pneumonia (e.g. Klebsiella pneumoniae), to evaluate the therapeutic benefit of aCT1 on
alveolar barrier defects (Figure 6.5, Figure 6.6). In this dissertation, | demonstrated that increased
infection burdens of Klebsiella pneumoniae were associated with increased leakage of Evans Blue dye
into the bronchoalveolar lavage. While 107 inoculations were associated with a high rate of mortality in
alcohol-fed mice (data not shown), we suggest using the 10° concentration that was still associated with
measurable alveolar leak in water-fed mice (Figure 6.5). In addition to also establishing the relationship
between bacterial burden concentration and alveolar in leak in alcohol-fed mice, Klebsiella pneumoniae

should be tested as an injury model when evaluating aCT1 therapeutic potential in vulnerable alcohol-



Page | 124

exposed, damage-primed lungs.

Therapeutic potential of claudin 5

Claudin 5 is necessary and sufficient to diminish alveolar barrier dysfunction in alcohol-exposed
alveolar epithelial cells (Schlingmann et al., 2016). Additionally, a peptide inhibitor of claudin 5 (C5) was
able to reverse the deleterious effects in vitro of alcohol use on epithelial barrier function in alveolar
epithelial cells derived from alcohol-fed rats (Schlingmann et al., 2016). In this dissertation, we did not
find a therapeutic benefit of C5 in vivo (Figure 5.6, Figure 5.7). We only tested 5 mg/kg and 50 mg/kg
administered via nebulization one hour after lipopolysaccharide insult, so it is possible a different
concentration or direct, intratracheal administration may provide greater therapeutic potential for C5.
Additionally, attaching the antennapedia cell internalization sequence (RQPKIWFPNRRKPWKK) from
aCT1 (Hunter et al., 2005) to the five amino acid sequence from the second extracellular loop of claudin
5 (EFYDP) may increase C5 incorporation into the alveolar space to target intracellular claudin 5.
However, this sequence may drive the peptide entirely intracellular and have minimal impact on
interaction between C5 and membrane-associated claudin 5. Investigating alternative integration

sequences, like a large hydrophobic sequence, may expand the therapeutic potential of C5.
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