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ABSTRACT

SEX DEPENDENT REGULATION OF IMMUNE RESPONSES IN EX VIVO LUNG

SLICES

Sex differences in respiratory disease have been increasingly obvious over the
last several decades ranging from asthma, to interstitial lung disease, to the common
cold. One way that lung functions are dependent on sex is in their immune responses to
disease. While there are many factors that contribute to the severity of immune
responses and recovery from illness, neuroimmune signaling is an understudied aspect.
This could be partially caused by the difficulty of studying individual neuronal circuits in
the periphery in live animals and the lack of necessary cell types in organoid or cell line
models. To study these processes in the lung, an organotypic model, known as a
precision cut lung slice (PCLS) can be utilized to maintain intracellular and extracellular
signaling. The first study herein addresses the role of the most prevalently produced
neuropeptide in the lung on immune, neuronal, and epithelial populations in the lung.
This abundant neuropeptide, calcitonin gene related peptide (CGRP), generates several
sex dependent responses in PCLS. With CGRP treatment, number of B cells, size of
neuroendocrine bodies (NEB), and surfactant protein C (SPC) granule are higher in
female PCLS. However, the number of CGRP immunoreactive fibers in female PCLS is
lower than in male PCLS. These sex related changes of lung cell behavior may partially
explain some disease susceptibilities and are important factors to consider in

pharmaceutical development for respiratory diseases.



PCLS can be used to test pharmaceutically relevant substances and drug
delivery systems. The recent pandemic has made it evident that better ways to deliver
pharmaceuticals to the lungs are required. Regarding this problem, a focus on nasal
drug delivery is important. The current leading technology in this type of delivery
mechanism involves utilizing lipid nanoparticles and nasal administration. However, this
is not the most efficient way to treat the lungs. Crystallized protein structures have
begun to be used for purposes other than determining protein structure. In the second
study included here, protein crystals were loaded with biologically relevant molecules to
purposefully induce immune responses, without causing an immune response by
themselves. This functionality has a variety of benefits, because a primary problem in
respiratory disease is over activation of the immune response. In this study, crystals
were customized by loading different molecules (e.g., lipopolysaccharide (LPS)) and the
immune modulatory affects were observable in PCLS. This generated a sex dependent
immune response in PCLS, which was less over time than slices treated with pure LPS
indicating a differential response over 48 hours. Using protein nanocrystals for
pharmaceuticals may provide new ways to target respiratory disease by nasal delivery

with benefits over lipid nanoparticles.
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Chapter One/Introduction

Precision cut lung slices (PCLS) are organotypic lung slices that can be used for
ex vivo experiments. PCLS have been used over the last several decades to study
everything from metabolite expression to drug effects. Although the idea of lung slices
was first explored in the early 40s, slices at that time lasted only a few hours. It wasn’t
until the late 80s when the model started to develop into its current form, no longer
being sliced by hand and containing an airway inflation step, that it became used for
long term translational studies outside of an animal and maintained structural
characteristics (Liu et al. 2019; Alsafadi et al. 2020). Studying the lung in slices has a
variety of advantages. First, they contain a variety of cells that can maintain their
intercellular signaling. Because of this localization which mirrors what would be seen in
vivo, a larger variety of signaling pathways and cellular crosstalk can be studied.
Second, extra-organ signaling is eliminated, and lung circuits and metabolism can be
explored without complicated hormonal and central nervous system signals. They
further provide a way to visualize and treat conditions that are induced by in vivo
models. Animals can be exposed to stress or disease conditions and small animal
models such as mice can be genetically engineered to reflect a variety of traits from
production of fluorescence in specific cells to being germ free (Vandamme 2014). Those
animals can then be used to generate slices and many parallel experiments can be
performed to look at time or treatments as variables. Slices also have been shown to
maintain a variety of physiologically expected behaviors such as movement of the

mucociliary ladder and airway contraction in response to various stimuli (vom Steeg et



al. 2020; Cadieux et al. 1999; Held, Martin, and Uhlig 1999; Li, Cohen, et al. 2020; Lam,
Lamanna, and Bourke 2019). Most recently, PCLS are starting to be used for
translational medicine and drug testing studies (Kapalczynska et al. 2018; Newman
2017; Enlo-Scott et al. 2021; Regal and Johnson 1983; Van Norman 2019; Viana,
O'Kane, and Schroeder 2022; Uhl et al. 2015; Freeman and O'Neil 1984; Liu et al.
2019). These studies represent a way to test novel drugs and drug delivery
mechanisms in more complete environments than dissociated cell culture models and
without the risks of live animal testing (Benam, Konigshoff, and Eickelberg 2018;
Vandamme 2014; Jimenez-Valdes et al. 2020). Another potential use would be the use
of precision cut lung slices from tissue explants for disease diagnostic or pandemic
screening (Dragunas et al. 2020; Burgstaller et al. 2021; Kiener et al. 2021; Lyons-

Cohen et al. 2017).

While any kind of lung tissue slices tend to be referred to as precision cut lung
slices, the preps and results are diverse. For example, some preps create decellularized
structures and others are generated from lung tissue explants (Burgstaller et al. 2021;
Leiby et al. 2022; Rosmark et al. 2022; Levesque, Vosatka, and Nielsen 2000; Ruigrok
et al. 2019). The types of cells maintained in each prep are different, especially if the
cells are introduced in a seeding procedure. However, for clinical relevance, the

maximum number of cell types and interactions need to be maintained.

There are a variety of factors to consider when designing and optimizing a
precision cut lung slice model. For example, reinflation of the lung after the thoracic
cavity is opened, time before the slice is in culture, and the composition of the media. In

PCLS preps, the lungs can be reinflated with a variety of substances including agarose,



agar, or media (Alsafadi et al. 2020). The agarose and the agar are used at a variety of
different concentrations. A lower concentration will be a less dense polymer and may
not provide a sufficiently rigid structure necessary to generate slices. By comparison,
too high a concentration of agarose may be difficult to work with, because it will
polymerize too quickly, and at high concentrations, damage the morphology (Leiby et al.
2022; Gerpe et al. 2018; Bailey et al. 2020). Inflation with media provides a different
challenge because it does not provide any additional rigidity for lung structure. For this
reason, these lungs are often frozen before slicing which can also damage the lung. It is
important to inflate with a low-density polymer that will provide enough necessary
structural rigidity for slicing. Because of the differences in inflation and different
strategies to slice the lungs, there is also a variation in the time between when the
animal dies and the slices are in culture. Some preps call for the lungs to be left on ice
for twenty minutes, some require the lung to be frozen for varying lengths of time, and
others simply submerge the lung in a cold solution (Sauer et al. 2014; Benam,
Konigshoff, and Eickelberg 2018; Preuss et al. 2022; Patel et al. 2021). Ultimately, the
speed of the procedure correlates with the health of the tissue, meaning that a faster
method will result in a longer lasting and healthier PCLS. Another factor which
contributes to the viability of a PCLS model for translationally relevant research is the
composition of the culture medium. For example, the glucose concentration is highly
relevant to disease, physiological glucose is 4mM-5.5mM comparatively 7.8mM glucose
is considered high blood sugar and 11 is diabetic. Most preps, regardless of type, utilize
DMEM/F12 media (11320-Thermo Fisher Scientific) which has a 17.5mM glucose

content. Another commonly used media: medium 199 (11150- Thermo Fisher Scientific)



has a 11mM glucose level and a comparatively rarely used media RPMI 1640 (11875-
Thermo Fisher Scientific) is one of the only medias to have a relatively normal
physiological glucose content at 5.5 (Patel et al. 2021). Another factor to consider when
choosing a media is whether it contains or requires the addition of serum. Fetal bovine
serum is commonly used, but contains a variety of antibodies, proteins, and growth
factors, all of which could introduce variability into an experiment. It is also difficult to
repeat, because it is generated from an animal, and each batch will have different
components and different concentrations of the components (Gstraunthaler, Lindl, and
van der Valk 2013; Stout et al. 2022; Usta et al. 2014; Gurdal et al. 2018). Many PCLS
prep medias also include antibiotics, while this may prevent infections, it is important to
note that the lungs contain a significant microbiome that is integral for health. The
microbiome is also highly relevant in a variety of lung diseases such as cystic fibrosis
and chronic obstructive pulmonary disease (COPD). For these reasons, including
antibiotics in media makes it less clinically relevant (Schwerdtfeger et al. 2019). Finally,
for any study which considers sex as a biological variable, it is important to omit phenol
red. Phenol red is a pH indicator which is often included in commercial media and acts
as an indicator for health and infection via color change. However, phenol red contains
a contaminant that is estrogenic, and therefore can change physiological features of

interest (Bindal et al. 1988; Brill et al. 2015; Inam et al. 2022).

The type of model and how it is designed is important to study respiratory
diseases and often varies for this purpose. Because of the customizable nature of
PCLS, they are highly useful for respiratory disease studies that aim to answer

questions about disease pathways, disease progression, therapies, and even



diagnostics. Respiratory disease kills millions of people every year(Niemeyer et al.
2018; McNicholas et al. 2019; Jin et al. 2020; Mathers, Boerma, and Ma Fat 2009; Li,
Cao, et al. 2020). By itself, COPD is the third leading cause of death in the world, and
many respiratory disease therapies are not wholly effective. In the extreme cases where
lung transplant is called for, 50% of patients die within six years (Thabut and Mal 2017;
Foroutan et al. 2019; Rello et al. 2017). Despite the research efforts which are being put
toward respiratory diseases there are a variety of aspects that are not routinely explored
because of the broad scope of these illnesses. A disease can affect the microbiome,
neural populations, immune populations, oxygen transfer, mucus production, and more
and they tend to be different based on the sex and age of the individual which makes it
difficult to fully encompass all aspects of a disease when studying it (Trigueros et al.
2019; Barnes 2016; Hong et al. 2016; Bai et al. 2022; Sauler, Bazan, and Lee 2019;

Ruigrok et al. 2019; Noguchi, Furukawa, and Morimoto 2020).

Sex differences in immune responses and mortality to respiratory diseases are
found across species (Klein and Flanagan 2016). Respiratory inflammatory diseases
are more common in females compared to males and males are more susceptible to
diseases such as COVID-19 and pneumonia (Klein, Bird, and Glass 2001; Chamekh et
al. 2017). Patients presenting with similar symptoms of the same age and fitness can
have drastically different outcomes according to sex (Trigueros et al. 2019; McNicholas
et al. 2019; Kautzky-Willer et al. 2022; Ursin and Klein 2021; Hong et al. 2016; Tejpal et
al. 2021). In the lung, sex dependent neural differences include changes in
acetylcholine release and neuromuscular function, regulation of airway constriction,

ciliary clearance, and mucus secretion (Han et al. 2018; Carey, Card, Voltz, Germolec,



et al. 2007; Townsend, Miller, and Prakash 2012; LoMauro and Aliverti 2018; Dominelli
and Molgat-Seon 2022; Fuseini and Newcomb 2017). These sex differences are
influenced by sex steroid hormones, allergen exposure, exercise, and other factors that
are difficult to control for using in vivo mice models (Ursin and Klein 2021; Williams

2014; Ying et al. 2022).

Recently, it has become apparent that the role of neuropeptides and neural
signaling in the lung are imperative to study respiratory diseases. A key question for the
diverse components of disease resistance and progression is the issue of systems
integration. It might be obvious to consider roles for neural - immune signaling in the
central nervous system, but perhaps less obvious in respiratory disease responses.
Neural fibers in the lung contain a variety of neuropeptides including vasoactive
intestinal peptide (VIP), calcitonin gene related peptide (CGRP), substance P, and
others. CGRP producing fibers are highly prevalent in the lung and are known to have a
variety of disease relevant interactions. CGRP is broadly implicated in neuroimmune
axis function of the lung. It plays a role in mucus secretion (Atanasova and Reznikov
2018) and has been shown to limit the effects of some inflammatory cytokines
(Nagashima et al. 2019). CGRP antagonists are being used to treat migraine (Assas
2021; Deen et al. 2017; Durham 2006; Durham and Vause 2010; Benemei et al. 2009;
Ray et al. 2021) and agonist effects are being evaluated in cancer (Ostrovskaya et al.
2019; Dallmayer et al. 2019; Hoppener et al. 1987; Gutierrez and Boada 2018; Zhang et
al. 2020). CGRP effects are further implicated in an increasingly wide range of health
issues including Alzheimer’s disease, vascular health, hypertension, and pregnancy

(Rashid and Manghi 2022; Singh et al. 2017; Kee, Kodji, and Brain 2018). Given the



broad variety of roles of CGRP, its agonists and antagonists relevant to the
development of therapeutics, it is important to understand the cell — cell signaling

pathways of this peptide in lungs.

CGRP is a 37 amino acid peptide that has alpha and beta forms. While the
CGRPa and CGRPg isoforms are nearly identical in structure— differing by only 3
amino acids—they are made from separate genes in different locations. CGRPa is
systemic and CGRPS is localized to the enteric nervous system (Russell et al. 2014).
CGRPa is made from a gene splice variant of the gene for calcitonin which is also
known as procalcitonin—a peptide which can be used to identify bacterial pathogenesis
through blood samples (Mazaheri et al. 2022). The alpha isoform is the most abundant
manifestation of the peptide throughout the body (i.e., lungs) and has widespread
peripheral effects including vasculature constriction and pain (Russell et al. 2014).
Commonly associated with C fibers, this peptide has receptors throughout the body.
While normal levels of CGRP are around 1uM in circulation, in the presence of
inflammatory factors or capsaicin, CGRP release can be increased to up to 10uM in

serum (Durham 2006).

While the neuroimmune aspects of disease in the lung are underexplored, drug
targeting to proteins produced by other cell types are frequently studied. There are wide
ranging treatments relevant to the lung from systemically presented shots and
vaccinations to nasal sprays (Tiwari et al. 2012; Zhang et al. 2022). However, the
current methods for drug delivery can be improved upon. Nasal administration of drugs
and vaccines has been pervasive lately as a technique to immunize nasal membranes,

and also the throat and the lung with rapid immune activation. Current technologies



such as those produced by Pfizer and Moderna rely on lipid nanoparticles as a delivery
mechanism. Lipid nanoparticles have several advantages including an adjuvant affect.
An aggravation of the immune system may not be ideal in all treatment however,
because many respiratory diseases can over activate the immune system leading to
death. Lipid nanoparticles can be made to contain an assortment of different biologically
relevant molecules and are relatively easy to produce (Xu, Tao, and Wang 2020; Fang
et al. 2020). Because they are coated with a high concentration of membrane proteins
and lipids, they are absorbed into lipid membranes relatively easily. This allows them to
deposit their contents inside cells. However, this property also prevents lyophilized lipid
nanoparticles present in a spray from reaching all the way to lung membranes. Some
disadvantages of this system are caused by the nature of a lipid nanoparticle. They
provide minimal protection to the drugs contained within. Because they are composed
of lipids, it is difficult to load hydrophilic molecules. The amount of the drug delivered
can be highly variable (Birkhoff, Leitz, and Marx 2009; Grassin-Delyle et al. 2012).
Further, application of these nanoparticles may result in a systemic rather than targeted
drug delivery (Wu et al. 2021; Xu, Tao, and Wang 2020; Crowe and Hsu 2022).
Therefore, a specific delivery mechanism that does not have innate adjuvant properties
and is not absorbed into lipid membranes, but still can be loaded with a wide range of

biologically relevant molecules may be useful.

One such delivery vehicle has been developed in the Snow lab in the form of
loadable protein micro- and nanocrystals. For decades protein crystallization has been
used for deducing the structure of proteins, but recently it has been demonstrated that

these crystals can be engineered to form porous, loadable, and customizable shells.



Crystals can be grown from CJ, a roughly 19.1 kDa trimeric protein produced in E. coli,
that can be reproducibly grown to diameters above 100 um, and smaller than 500 nm,
by altering the batch growth conditions — in particular, total protein concentration,
precipitant concentration, and pH (Hartje et al. 2017). These crystals display the unique
property of adsorbing nucleic acids with strong binding affinity (Hartje et al. 2018).
However, these crystals have not previously been tested for use in drug delivery.
Therefore, it would be necessary to test their adjuvant properties, their absorbability into

tissue, and their potential to cause inflammatory responses on their own.

In the current studies, the neuroimmune axis of disease and the potential role of
protein crystals were utilized to assess a sex related immune response in PCLS that |
first show in Chapter 2. In the experiments of Chapter 3, the PCLS model was assessed
for health and characterized for a variety of populations including neural fiber
populations. To test the immune stimulatory properties of protein crystals, they were
introduced to PCLS and compared to tissue not exposed to crystals, and crystals
loaded with a purposefully immune stimulating molecule. The role of the most prevalent
neuropeptide in the lung was assessed in a sex selective manner resulting in changes

to B cells and pulmonary neuroendocrine cells (PNECs).



Chapter Two/Neuropeptides Stimulate Physiological and Immunological responses in
Precision Cut Lung Slices’

Graphical Summary
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Overview

Organotypic lung slices, sometimes known as precision cut lung slices (PCLS) provide
an environment in which numerous cell types and interactions can be maintained
outside the body (ex vivo). PCLS were maintained ex vivo for up to a week and
demonstrated health via the presence of neurons, maintenance of tissue morphology,
synthesis of mucopolysaccharides, and minimal cell death. In the current study we
characterized lung neuropeptides ex vivo. There were multiple distinct types of neuronal
fibers present in lung slices with varied size, caliber, and neurotransmitter
immunoreactivity. Of the neuropeptides present in fibers, calcitonin gene related peptide
(CGRP) was the most prevalent. Exposing PCLS to recombinant CGRP resulted in
proliferation and dispersion of CD19* B cells in slices only from females. The number of
granules containing immunoreactive (ir) surfactant protein C (SPC), which are
representative of alveolar type 2 cells (AT2), increased in slices from females within 24
h of exposure to CGRP. Additionally, ir-SPC granule size increased in slices from
females across 48 h of exposure to CGRP. Treatment of PCLS with CGRP resulted in a
stable pulmonary neuroendocrine cell (PNEC) population and increased
neuroendocrine body (NEB) size. While no changes in total fibers were observed based
on ir-peripherin, ir-CGRP in fibers was absent in fibers, but retained in PNECs. These
changes provide insight to innate immune and neuroendocrine responses in lungs that
may be partially regulated by neural fibers. The sex dependent nature of these changes

may point towards an explanation for sex selective outcomes for respiratory diseases.
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Introduction

The lungs are a primary surface of interaction with the external world—
encountering pathogens, dirt, yeast, smoke, and other particulates in the thousands of
liters of air an average person breathes every day (Valavanidis et al. 2013; Fang et al.
2020). These particulates can cause respiratory damage, leading to pathology including
chronic obstructive pulmonary disease (COPD). Respiratory diseases like COPD are
highly sex-dependent (Trigueros et al. 2019; Barnes 2016; Hong et al. 2016)and cause
nearly four million deaths globally every year (Li, Cao, et al. 2020). While significant
research efforts are devoted to studying the etiology of these diseases and pathways
towards treatments, many unanswered questions about the nature of respiratory
disease progression remain to be explored (Li, Cao, et al. 2020). Investigations of the
diverse components of respiratory disease resistance and progression require methods
that consider systems integration to account for myriad cell-cell interactions involved in
disease etiology. In particular, the role of neural immune signaling (i.e., neuroimmune)
at a local level requires further derivation. This study utilizes precision cut lung slices
(PCLS) that maintain neural and immune elements inside the lungs, allowing
investigation of complex neuroimmune signaling pathways (Blake, Jiang, and Chiu

2019).

A variety of cells in the lung produce neuroactive peptides such as calcitonin
gene related peptide (CGRP), vasoactive intestinal peptide (VIP), and substance P.
These neuropeptides regulate functions in the lung such as cell proliferation,
nociception, and controlling airway homeostasis (Dakhama, Larsen, and Gelfand 2004;

Assas, Pennock, and Miyan 2014). CGRP is broadly implicated in neuroimmune axis
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functions of the lung. It plays a role in mucus secretion (Atanasova and Reznikov 2018)
and has been shown to limit the effects of some inflammatory cytokines (Nagashima et
al. 2019). CGRP antagonists are being used to treat migraine (Assas 2021; Deen et al.
2017; Durham 2006; Durham and Vause 2010; Benemei et al. 2009; Ray et al. 2021)
and agonist effects are being evaluated in cancer (Ostrovskaya et al. 2019; Dallmayer
et al. 2019; Hoppener et al. 1987; Gutierrez and Boada 2018; Zhang et al. 2020). CGRP
driven responses are further implicated in an increasingly wide range of health issues
including Alzheimer’s disease, vascular health, hypertension, and in pregnancy (Rashid
and Manghi 2022; Singh et al. 2017; Kee, Kodji, and Brain 2018). Given the broad roles
of CGRP in homeostasis and disease, it is important to understand the cell signaling

pathways of this peptide in lungs.

CGRP is a 37 amino acid peptide with alpha and beta forms. While CGRPa and
CGRP isoforms are nearly identical in structure— differing by only 3 amino acids—
they are coded by separate genes. CGRPa is systemic while CGRPf is localized to the
enteric nervous system (Russell et al. 2014). CGRPa is made from a gene splice variant
of the gene for calcitonin which is also known as procalcitonin—a peptide which can be
used to identify bacterial pathogenesis through blood samples (Mazaheri et al. 2022).
The alpha isoform is the most abundant manifestation of the peptide throughout the
body (i.e., lungs) and has widespread peripheral effects including vasculature
constriction and involvement in pain (Russell et al. 2014). Commonly associated with C
fibers, this peptide has receptors throughout the body. While normal levels of CGRP are
around 1uM in circulation, in the presence of inflammatory factors or capsaicin, CGRP

release can be increased to up to 10uM in serum (Durham 2006).
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Pulmonary neuroendocrine cells (PNECs) are a cell type in the lungs that
produce CGRP and express CGRP receptors. These specialized epithelial cells are
innervated by CGRP immunoreactive neuronal fibers and contain neuropeptides, amine
hormones, and peptide hormones (Cutz 1982). PNECs cluster and are referred to as
neuroendocrine bodies (NEBs). PNECs and NEBs are commonly located near the
intersection points of airways and vasculature (Sui et al. 2018) that regularly also
contain germinal centers with a variety of resident immune cells including B cells. PNEC
behaviors have been incompletely characterized and are different when cells are
isolated vs. in clusters (Noguchi, Furukawa, and Morimoto 2020). Solitary PNECs are
located sporadically throughout the airway epithelia and move in response to
stimulation. Conversely, NEBs are usually located near airway junctions and do not
move. NEBs have been theorized as a type of progenitor cell population which can
become cancerous in lung with specific mutations (Wallrapp et al. 2019; Gutierrez and
Boada 2018; Noguchi, Furukawa, and Morimoto 2020). PNECs and NEBs have been
suggested to act as chemo sensors (Gu et al. 2014). Although these cells are reportedly
rare, there are several factors which stimulate population expansion or an increase in
cell size (Mou et al. 2021) including hypoxia, lung injury, and disease (Shivaraju et al.

2021).

Sex differences in immune responses and mortality to respiratory diseases are
found across species (Klein and Flanagan 2016). Respiratory inflammatory diseases
are more common in females compared to males; however, males are more susceptible
to diseases such as COVID-19 and pneumonia (Klein, Bird, and Glass 2001; Chamekh

et al. 2017). Patients presenting with similar symptoms of the same age and fithess can
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have drastically different outcomes depending upon their sex (Trigueros et al. 2019;
McNicholas et al. 2019; Kautzky-Willer et al. 2022; Ursin and Klein 2021; Hong et al.
2016; Tejpal et al. 2021). In the lung, sex dependent neural differences include changes
in acetylcholine release and neuromuscular function, regulation of airway constriction,
ciliary clearance, and mucus secretion (Han et al. 2018; Carey, Card, Voltz, Germolec,
et al. 2007; Townsend, Miller, and Prakash 2012; LoMauro and Aliverti 2018; Dominelli
and Molgat-Seon 2022; Fuseini and Newcomb 2017). These sex differences are
influenced by sex steroid hormones, allergen exposure, exercise, and other factors that
are difficult to control for using in vivo mice models (Ursin and Klein 2021; Williams

2014; Ying et al. 2022).

To study lung functions with good control of environmental variables, an
organotypic lung slice model (PCLS) was optimized for tissue maintenance ex vivo for
up to a week. Few studies use PCLS models to study neural influence over lung
physiology, and studies that do mostly consider airway smooth muscle regulation by
respiratory neural components but not immune cells (Schleputz et al. 2012; Kummer et
al. 2006; Bai et al. 2022; Lam, Lamanna, and Bourke 2019; van den Berg et al. 2021).
Studies that have examined the roles of neuropeptides have either utilized electric field
stimulation or explored the role of substance P in relation to MUCS5AC expression and
airway contraction (Springer and Fischer 2003; Sponchiado et al. 2021; Voedisch et al.
2012; Regal and Johnson 1983). Ex vivo models allow for direct introduction of stimuli
and observation of anatomically localized responses. In the current study, lung specific
interactions relevant to the neuroimmune axis were examined, in PCLS to investigate

CGRP effects on alveolar type two (AT2) cells, CD19* B cells, PNEC/NEB, and
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neuronal fiber populations.
Materials and Methods

Animals: Young adult male and female C57BL/6J mice transgenic for YFP expressed
on the Thy-1 promoter (JAX:003709) were used for all experiments (Tobet et al. 2003;
Feng et al. 2000). Animals were housed in the Painter Center building and were cared
for by Laboratory Animal Resources at Colorado State University. Cages were supplied
with aspen bedding (autoclaved Sani-chips; Harlan Teklad), tissues for nesting, and red
igloo mouse houses. Mice were exposed to a 14:10 h light-dark cycle and had access to
water and food ad libitum (no. 8640; Harlan Teklad). Animals were cared for and utilized

according to the Colorado State University IACUC protocol #1934.

Generation of PCLS: Adult mice were anesthetized using isoflurane and killed via
cervical dislocation. The thoracic cavity was opened by cutting through both sides of the
ribs and then severing the diaphragm across the midline. Animals were perfused
through the heart with 37°C phosphate buffered saline (PBS) for quantitative analyses
or PBS containing 0.1mg / ml FITC to aid visualization of the vasculature for qualitative
examination and imaging. Hearts were removed and the thymus and salivary glands
were dissected away under an Olympus SZX7 dissecting scope until the trachea was
clearly visible. The trachea was partially perforated so that a 20-gauge needle could be
inserted. The lungs were inflated using 1 ml of 40°C 2% low melting point agarose (Gold
Biotechnology, St. Louis, MO) in MQH20 until the lung was visibly inflated to the edge of
the lobe without rupturing. Lungs were removed and immediately placed in ice cold
Krebs. Using the Olympus SZX7 dissecting scope trachea and blood clots were

dissected from the exterior of the lung and lobes were separated. Single lobes of the
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lung were then placed in ~40°C 8% low melting point agarose in MQH20 at 4°C for 4
minutes to permit the agarose to polymerize and enable cutting of 250um thick slices
using a vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany). Slices
were collected into 5 ml hibernate media (Life Technologies, Grand Island, NY) in
60mm dishes (Corning, Corning, NY) at 4°C for at least 15 minutes; hibernate was then
removed and replaced with 5 ml of adult neurobasal culture media (ANB; Life
Technologies) with 2% B27 supplement (Life Technologies) for 35 minutes at 37°C to
permit slices to regain physiological temperature. This media was serum free to
increase the reproducibility of experiments (Schwerdtfeger et al. 2019) and antibiotics
were omitted from the media to promote maintenance of lung microbiota and
translational relevance. Slices were relocated to 35mm plastic bottom culture dishes
(Corning and Corning Falcon, Corning, NY) sans media for 15 minutes at 37°C and
100% humidity to promote adherence to the dish. Slices were then covered with a thin
layer of collagen solution (vol/vol: 10.4% 10x MEM, 1.9% PS, 4.2% sodium bicarbonate,
and 83.5% collagen (PureCol; Inamed, Fremond, CA)) for 10 minutes at 37°C before
0.8 ml of adult neurobasal media with 2% B27 supplement was added to each dish to
create a culture with an air liquid interface. Media was changed daily throughout the

culture period.

Neuropeptide treatment: PCLS were treated with 10uM CGRPa peptide (015-09;
Phoenix Pharmaceuticals) for 24-, or 48 h. Dosage was based on levels of CGRP
released from trigeminal neurons in response to different stimuli (Durham 2006). To
confirm dosage, slices were treated with 1uM or 10uM and compared for B cell

response. 10uM CGRP addition generated a larger B cell response and thus was used
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for all experiments. At the end of the incubation/treatment period, slices were fixed in

4% paraformaldehyde for 15 minutes and washed 3x for 1-2min with PBS.

Biochemical Analyses: Cell death was visualized by incubating live slices for 10 minutes
using acridine orange (A1301; Invitrogen, Thermo Fisher Scientific) at 1ul per 0.8 ml
media (2uM) followed by 3x 30-minute washes with 1 ml of media (Byvaltsev et al.
2019). In live tissue slices, acridine orange can be used to visualize a variety of different
structures when excited with either blue light or green light. When excited with blue light
all cells will be visible as the compound binds to cytoplasmic RNA. When excited with
green light, only cells with permeable nuclei will be visible due to DNA binding. These
fluorescent emission patterns are significantly different than when acridine orange is
used on fixed tissue and does not require the use of propidium iodide (Byvaltsev et al.
2019). Tissue health was confirmed by live treatment and imaging of tissue slices
treated with acridine orange. All cells were visualized by acridine orange binding to RNA
using a fluorescein/GFP filter set (fluorescent emission 533) and cells with permeable
nuclei were visualized by acridine orange binding to DNA using a Texas Red filter set
(fluorescent emission 656). Less than 10% of cells visualized had permeable nuclei
(data not shown) which become permeable when undergoing division or apoptosis
thereby allowing access of acridine orange to DNA. Slices were imaged live using a
Nikon TE2000-U inverted. Slices were then fixed for 15 minutes at room temperature
with 2 ml 4% paraformaldehyde per 35mm dish. Ethidium homodimer (EtHD; Biotium,
Hayward, CA) was also attempted for identification of permeable cells, but EtHD
became stuck throughout lung tissue indicating unreliable fluorescence. To assess

mucopolysaccharide synthesis in lung epithelia, slices were treated with tetraacetylated-
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N-Azidoacetylgalactosamine (GalNAz; C33365, Thermo Fisher)) after 0, 24, or 48 h of
culture and incubated for an additional 24 h after addition of GalNAz. Slices were fixed
using 4% paraformaldehyde and reacted with the fluorophore-tagged alkyne,
Dibenzocyclooctyne-Cy3 (DBCO-Cy3; 2 yM; Sigma- Aldrich, St. Louis, MO) to produce
fluorescence (Schwerdtfeger, Ryan, and Tobet 2016). To assess cell proliferation, slices
were treated with 4pl of 10uM 5-ethynyl-2’-deoxyuridine (EdU; Invitrogen, Eugene, OR)
per 0.8 ml of media after 24 h of culture. At 48 h, EdU containing media was removed
from slices before fixation with 4% paraformaldehyde. Slices were then washed in PBS
for 30 min, followed by 30 min in glycine (Fisher Scientific, Pittsburgh, PA), and 3 more
PBS washes to remove any unreacted 4% paraformaldehyde. Slices were blocked in
3% bovine serum albumin buffer (BSA; Lampire Biological, Pipersville, PA) and 0.5%
Triton X-100 (Tx; 42235-5000, ACROS) for 2 h, followed by two washes with a 3% BSA
solution for 10 minutes each. A click-IT reaction was then performed on the slices using
click-IT cocktail (click-IT Reaction Buffer, CuSO4, Alexa-Fluor azide, reaction buffer
additive; Invitrogen) for 2 h. Slices were further washed three times in 3% BSA buffer
and 0.02% Tx for 30 min each and left overnight in 3% BSA solution. Samples were
then mounted on slides and cover slipped for fluorescent imaging by confocal

microscopy (Schwerdtfeger, Ryan, and Tobet 2016).

Immunohistochemical Analyses: Slices were fixed for 15 minutes in 4%
paraformaldehyde at room temperature and then washed in 0.5M PBS (pH 7.4) prior to
whole-mount immunohistochemistry (250um thick). Slices were incubated at 4°C in 1%
sodium borohydride for 2 h. They were then washed in PBS for 10 minutes prior to

incubation in a blocking solution comprised of PBS with 5% normal goat serum (NGS;
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Lampire Biological, Pipersville, PA), 3% hydrogen peroxide and 0.3% Tx for 2 h with a

change of solution at 1 h. Slices were then incubated in primary antisera (see Table 1)

Table 1: Antibodies used for immunohistochemistry

Primary RRID Source Secondary | RRID Source Marker for:
Antibodies Antibodies
CD19 AB_467151 14-0199-82 | Cy3 anti-rat | AB_2338253 | 112-166-003 B-cells
eBioscience | 1:500 Jackson
ImmunoResearch
CD79 AB_962641 NB100- Cy3 anti- AB_2338008 | 111-166-045 B-cells
64347 rabbit 1:500 Jackson
Novus ImmunoResearch
Biologicals
Peripherin AB_90725 Ab1530 Arc | Cy3 anti- AB_2338008 | 111-166-045 Type 3
Bio rabbit 1:500 Jackson intermediate
ImmunoResearch | filament
protein
SPC AB_91588 Ab3786 Cy3 anti- AB_2338008 | 111-166-045 Surfactant
EMD rabbit 1:500 Jackson protein C
Millipore ImmunoResearch | (SPC)
VIP AB_572270 20077 Cy3 anti- AB_2338008 | 111-166-045 Vasoactive
Immunostar | rabbit 1:500 Jackson intestinal
ImmunoResearch | peptide
CGRP AB_572217 24112 Cy3 anti- AB_2338008 | 111-166-045 Calcitonin
Immunostar | rabbit 1:500 Jackson gene related
ImmunoResearch | peptide
(CGRP)
ChAT AB_1968484 | NBP1- Cy3 anti- AB_2340880 | 805-165-180 Choline
30052 goat 1:500 Jackson acetyl
Novus ImmunoResearch | transferase
Biologicals
Substance | AB_572266 20064 Cy3 anti- AB_2338008 | 111-166-045 Substance P
P Immunostar | rabbit 1:500 Jackson peptide
ImmunoResearch

solution containing 5% NGS, 0.3% Tx, and primary antibodies at various concentrations

for 5 days. After sitting in primary antisera solution for 5 days, slices were washed at

4°Cin a 1% NGS, 0.2% Tx, PBS solution four times for 30 minutes per wash. Slices

were then incubated for 24 h at 4°C in fluorescent conjugated secondary antisera. After

24 h, samples were washed four times for 30 min each in a 0.02% Tx PBS solution

before being mounted on slides and cover-slipped with Aqua-Poly/Mount (Polysciences,

Warrington, PA).

Microscopy and Image Analysis: Slices were imaged by confocal microscopy using a
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Zeiss LSM 880 confocal microscope with an Axiocam 503 mono camera (Carl Zeiss,
Inc., Thornton, NY) after fixation or a Nikon TE2000-U inverted microscope for live
brightfield or epifluorescence imaging. TE2000-U images were taken using a 20x Plan-
Apo objective lens. Live imaging occurred at 37°C with approximately 5% CO2 and
atmospheric oxygen conditions using Metamorph Microscopy Automation and Image
software. Tissue that was used for live imaging was not processed for other
experimental values. For each set of treatment groups (24 h CGRP treated, 48 h CGRP
treated, 24 h vehicle treated, 72 h vehicle treated, and 120 h vehicle treated) samples
were collected at the same time under the same conditions. Confocal imaging was
performed for immunohistochemical analysis of all slices. Imaging occurred after slices
were mounted on slides and cover-slipped using Aqua-Poly/mount. At least 3 mice were
used for each experiment to account for biological variability. Single plane confocal
images were taken using 20x and 40x objective lenses (Plan-fluor). At least one PCLS
was analyzed in each analysis. All images were selected to contain the maximal
number of puncta of interest with 0 overlap in sets of 12 images. Analysis was
considered per slice and n values were reported as the number of slices analyzed. Live
imaging was performed for GalNAz, acridine orange, and slices from FITC perfused
lungs. Fixation eliminated fluorescence generated by the Thy-1-promoter driving YFP.

The investigator conducting all quantitative analyses was blinded to treatment group.

Quantitative Analyses: Analyses were performed for number and/or size of each labeled
entity using NIH Fiji (v.2.9.0). The area of immunoreactive SPC was calculated in a
series of 12 regions of interest (ROI, 2048-2048-pixel) from single plane images for

each experimental value. Neuronal fibers (CGRP-ir and Peripherin-ir) were counted by

21



area per ROI (2048-2048-pixel) and by area of fibers per slice. Fiber ROl were localized
to bronchioles, as bronchioles were the primary site of innervation and 12 ROIs per slice
were assessed per experimental data point. CGRP-ir cells (PNECs and NEBs) were
counted manually without computer assistance. They were identified in sets of 12 ROls
in single plane images (2048-2048-pixels) from each slice for each experimental value.
CD19" labeled cells were analyzed in 12 ROIs (2048-2048-pixel) selected for by
presence of CD19* cells for each experimental slice data point. All measurements
except those for PNECs and NEBs recorded included cell counts, area, mean, and

standard deviation.

Statistics: Statistical Analysis was performed using Prism 9.4.0 (graph pad) and Excel
software. Two-way ANOVA (sex x time of CGRP) were performed for males vs. females
for 24 h CGRP, 48 h CGRP, 24 h vehicle, 72 h vehicle, and 120 h vehicle groups for all
analyses. SPCs or CD19" B cells were quantified by size and number, and CGRP or
peripherin by total fiber area and fiber area/slice. Post-hoc testing used a multiple
comparison Fisher's LSD test, and all data is presented as mean +/- standard deviation.
P < 0.05 was considered significant and was represented with one symbol, P < 0.01

was represented with two symbols, and P < 0.001 was represented with three symbols.

Tissue health/criteria for data inclusion: Only data generated from healthy tissue was
utilized in this study. The health of lung slices—maintained ex vivo for five days—was
demonstrated using a variety of methods during the optimization process before
experiments were performed (supplemental figures S3-S8). Cells lining the bronchioles
continued to synthesize mucopolysaccharides ex vivo similar to in vivo (Figure S1).

GalNaz Click-chemistry allowed for visualization of newly incorporated mucin-type O-
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linked glycoproteins around bronchioles. Ciliary beating was confirmed in slices by
visual observation (data not shown). Lung slices (250um) maintained structural
morphology for at least 5 days ex vivo as shown in representative fluorescent images
(Figure S2) and using the histological stains, thionin and aldehyde fuchsin (data not

shown).

Neuronal fiber integrity was also used as an indicator of health. Such fibers were
revealed based on the immunohistochemical detection of peripherin- (Figure S3a),
choline acetyl transferase- (Figure S3b), substance P- (Figure S3c), vasoactive
intestinal peptide- (Figure S3d), and CGRP-ir (Figure S3e) fiber populations. CGRP-ir
fibers had the highest abundance excluding peripherin which is a comprehensive

marker for peripheral fibers.
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Results

24h CGRP treatment 48h CGRP treatment

Figure 2: The number of CD19 immunoreactive B cells increased in slices from females but
not males upon treatment with calcitonin gene related peptide (CGRP). * Indicates
significance between males and females. # Indicates significance compared to 24 h of the
same sex. A-C. female PCLS treated with CGRP for 24 or 48 h compared to vehicle. D-F.
female PCLS treated with CGRP for 24 or 48 h compared to vehicle. G) CGRP fibers (green)
colocalized with B cells (red). H) B cells are highly increased in females at 24 h treatment
with CGRP compared to vehicle and much greater than B cells in slices from males. No
change was seen at 48 h compared to vehicle or between male and female at 48 h or
vehicle. B cell numbers in slices from males did not change significantly with CGRP
treatment. Scale bars are 10um.

A striking modulatory effect of the immune axis was observed when slices were
given CGRP containing media. Exposing PCLS to CGRP resulted in a 120% increase in
number of CD19* B cells in slices from females (Figure 2d, f; P =0.03; n =924 h
CGRP vs 24 vehicle) but not male mice (Figure 2a, ¢; P=0.97;n =824 h CGRP vs 9
vehicle) within 24 h of treatment with 10uM CGRP. Within 48 h of 10uM CGRP
exposure, the CD19* B cell population reverted to numbers comparable to vehicle
treated controls across five days ex vivo of vehicle treatment in females (Figure 2f; P =
0.02; n =6 48 h CGRP vs 24 Vehicle). Consistent with these observations, CD19* B

cells regularly co-localize with CGRP fibers (Figure 2g). In slices from males, there was
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Figure 3: The number of neuroendocrine bodies (NEBs) did not change upon treatment with
calcitonin gene related peptide (CGRP) over 24 or 48 h of CGRP treatment and there was no
sex difference in number of NEBs. Size of NEBs measured by the number of cells per NEB
increases in females at 24 and 48 h of CGRP treatment compared to vehicle. NEBs in slices
from females were bigger than males when exposed to CGRP at 24 and 48 h. There were no
significant changes in the size of NEBs in slices from males. * Indicates significance between
males and females. # Indicates significance compared to 24 h of the same sex, 1 indicates
significance compared to 48 h of the same sex. A-C Male representative images of NEBs. D-
F Female representative images of NEBs. Scale bars are 10um.

no obvious change in CD19* B cell population compared with vehicle (Figure 2b/c; P =
0.84; n =8 24 h CGRP vs 9 vehicle). There was no significant difference between male
(n = 8) and female (n = 9) slices treated with CGRP at 48 h (Figure 2a-c compared to

figure 2d-f; P = 0.94).

NEBs in slices from females were larger after treatment with CGRP. The number
of cells per NEB in slices from females was over four times greater after 24 h of CGRP
exposure (P = 0.0003; n = 5) (Figure 3d, f) and three times greater after 48 h of CGRP
exposure (P = 0.04; figure 2e, f; n = 5) compared to vehicle (n = 20). The number of
cells per NEBs in male slices were similar at 24 h (P = 0.33; figure 3a, c;n =624 h
CGRP vs 12 vehicle) and 48 h of CGRP treatment to vehicle (P = 0.31; figure 3b, ¢; n =

6 48 h CGRP vs 12 vehicle). The number of cells per NEB in slices from female lungs
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Figure 4: Calcitonin gene related peptide immunoreactive (CGRP-ir) fibers disappeared
when treated with CGRP. Pulmonary neuroendocrine cells were still present. # Indicates
significance compared to 24 h of the same sex, 1 indicates significance compared to 48 h of
the same sex. A-C. Lung slices from males labeled with CGRP and exposed to CGRP for 24-
or 48 h compared to vehicle. D-C. Lung slices from females labeled with CGRP treated with
CGRP for 24- or 48 h compared to vehicle. Scale bars are 10um.

with 24 h of CGRP exposure was almost three times greater than the number of cells
per NEB in a 24 h CGRP exposed slice from male lung (P = 0.0004; figure 3a,d; n=5

female vs 6 male). The number of cells per NEB in 48 h CGRP exposed slices from
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Figure 5: Peripherin fiber area per ROI did not change when exposed to CGRP. A-C. Lung
slices from males examined for immunoreactive (ir) peripherin exposed to CGRP for 24- or
48 h compared to vehicle. Lung slices from females examined for ir-peripherin exposed to
CGRP for 24- or 48 h compared to vehicle. Scale bars are 25um.
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females was almost two times greater than in similar slices from males (P = 0.03; figure

2b, e; n = 5 female vs 6 male).

Exposing lung slices to exogenous CGRP virtually eliminated ir-CGRP in fibers

ex vivo. The average combined area of CGRP-ir fibers per ROl approached zero in

24h CGRP treatment

48h CGRP treatment 24h Vehicle
& C

Average surfactant C granule area per
treatment

24h CGRP 48h CGRP
male

Average number of surfactant C
granules per treatment

T L I‘ i
24h CGRP 48h CGRP vehide
W male

Figure 6: Area of SPC granules significantly increased for slices from females when exposed
to CGRP over 48 h. In slices from females immunoreactive (ir) SPC granules were
significantly smaller than those in slices from males at 24 h and in vehicle. Number of ir-SPC
granules was increased in females at 24 h of CGRP exposure compared to vehicle. *
Indicates significance between males and females. # Indicates significance compared to 24
h of the same sex, T indicates significance compared to 48 h of the same sex. A-C. Lung
slices from males were examined for ir-SPC exposed to CGRP for 24- or 48 h compared to
vehicle. D-F. Lung slices from females were examined for ir-SPC exposed to CGRP for 24-
or 48 h compared to vehicle. Scale bars are 10um.

Female

10uM CGRP exposed tissue over 24 h and 48 h compared to vehicle (Figure 4c, f) for
both males (Figure 4a-c; P < 0.0001; n = 5) and females (Figure 4d-f; P < 0.0007; n =
6). However, when treated with 10uM CGRP for 24 h (Figure 5a, d) or 48 h (Figure 5b,
e), the average area of peripherin fibers per ROl were similar to vehicle (Figure 5c, f; P
= 0.62; n = 13) and was not different between slices from males (Figure 5a-c; n = 7) and

females (Figure 5d-f) PCLS (P =0.79; n = 9).

Type 2 pneumocyte populations indicated by ir-SPC were significantly greater in
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area after 48 h of 10uM CGRP exposure compared to vehicle for both male (P = 0.01; n
= 7) and female (P = 0.0008; n = 7) PCLS (Figure 6g). The size of granules containing
ir-SPC in slices from females were significantly smaller than in males at 24 h of 10uM
CGRP treatment (P = 0.017; n = 8 female, 6 male) and in the vehicle (P = 0.0004; n =
21 female, 18 male). The number of granules in slices from females was significantly
increased at 24 h of 10uM CGRP exposure compared to vehicle (P = 0.031; n =8 24 h
CGRP, 21 vehicle). The number of granules in slices from females was significantly
greater than the number in male slices when treated for 24 h with 10uM CGRP (Figure
6h; P = 0.027; n = 8 female, 6 male). Reference images for SPC labeled male (Figure
6a-c) and female (Figure 6d-f) PCLS are provided for 24 h CGRP (Figure 6a, d) 48 h

CGRP (Figure 6b, €), and vehicle (Figure 5c, f) treatments.

Discussion

Exposure of lung tissue to CGRP results in several immunological, physiological,
and neural changes in lung tissue. These changes in local neural and immunological
signaling pathways are more readily observable using an ex vivo PCLS model that
eliminates influences from other organs. The current study demonstrated changes in B
cell populations, number of surfactant granules, and NEB size increase in slices from
females after 24 h of exposure to 10 uM CGRP. In parallel to these findings, lung slices
from females contained a smaller CGRP-ir fiber population than in slices from males
and these CGRP-ir fiber populations disappeared after treatment with CGRP in slices
from both sexes. Observed sex dependent changes caused by CGRP exposure were
consistent with sexually differentiated respiratory disease related responses (Klein and

Flanagan 2016; Jacobsen and Klein 2021; Ursin and Klein 2021). The disappearance of
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the fibers containing ir-CGRP, in conjunction with the retention of those containing ir-
peripherin may indicate an efflux of CGRP and subsequent lack of detectable signal
from fibers rather than a loss of fibers themselves. The current study addressed the role
of CGRP neuronal signaling with immune and epithelial components using PCLS
maintained ex vivo for five days. While in vivo studies have previously reported a
diversity of neuropeptide producing fibers in the lung, PCLS studies have rarely
reported the diversity of neuropeptides and neurotransmitters observed in the current
study (Schleputz et al. 2012). CGRP was detected in neuronal fibers and in PNECs, a
unique epithelial endocrine cell population, consistent with previous literature (Mou et al.
2021; Cutz 1982). When exogenous CGRP was added to lung slices, changes in

several lung cell characteristics were observed dependent upon the sex of the animal.

A major finding of the current study is that exposure to exogenous CGRP results
in an increase in CD19* B cell populations in slices obtained from females, but not
males. These CD19* B cells were found in germinal centers in PCLS maintained ex vivo
across a 5-day period, providing evidence of bronchiolar associated lymphoid tissues
(BALT) maintenance, and allowing for exploration of resident immune cell populations in
this model. Exogenous CGRP addition resulted in higher numbers of CD19* B cells
throughout female lung slices, not just in BALT. Cell dispersion was likely responsible
for an exit of B cells from germinal centers/BALT located primarily in arteriole bronchiole
junctions. These B cell movements and behaviors are similar to the propagation of
airway epithelial cells in response to injury caused by inhalants or lipopolysaccharide
(Oslund et al. 2009; Zhou et al. 2013). Because of the similarities between extracellular

CGRP exposure and innate pulmonary response to injury or infection, it may be

29



possible that CGRP release is a key component of the lung tissue repair processes.
This prediction is further substantiated by the known increase of serum CGRP in
response to capsaicin and LPS (Durham 2006). The static nature of B cell anatomy and
localization over five days without treatments suggests that damage caused to tissue by
slicing did not result in any significant immune responses and thereby minimal release
of cytokines that would otherwise be released from damaged cells (Henjakovic et al.
2008). Other factors that cause CD19* B cell proliferation in conjunction with cytokine
signaling are antigen binding or stimulation from an activated helper T cell (Ollila and
Vihinen 2005; Janeway 2001). However, there was no evidence of T cell proliferation in

the slices based on CD3 immunoreactive T cells (data not shown).

CGRP exposure increased the number of cells in NEBs, and the quantity of
NEBs in tissue increased in slices derived from females but not males. PNECs move to
form NEBs, but clustered cells within NEBs can also proliferate, and have been
implicated in lung cancers and exhibit stem cell functions (Chen et al. 2019; Gutierrez
and Boada 2018; Ouadah et al. 2019). Further, PNECs are known to increase in
response to hypoxia and viral disease (Shivaraju et al. 2021; Chen et al. 2019; Benson
et al. 2013; Kawanami et al. 2009). The number of PNECs and PNECs per NEB in
control tissue were comparable to previously reported values. In CGRP treated tissue
the data showed similar numbers of free PNECs compared to control tissue, but an
increase in number of PNECs per NEB in females (Ouadah et al. 2019; Branchfield et
al. 2016), pointing towards the larger cell counts being indicative of proliferation. PNECs
can act as chemo sensors that release neuropeptides and hormones which are known

cause various changes to lung physiology tissue remodeling and activation of immune
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response (Gu et al. 2014; Cutz 1982; Kaczynska et al. 2018; Song et al. 2012). Stimuli
which are correlated with an increase in NEB size such as capsaicin exposure or
bacterial infection also increase the amount of serum and tissue CGRP (Russell et al.
2014; Jean et al. 2022; Sui et al. 2018; Bigal, Walter, and Rapoport 2015), consistent
with the CGRP induced NEB size increase observed in the current study. Given the
colocalization of CGRP fibers with neuroendocrine relevant cells containing
neuropeptides and hormones, PNECs and NEBs may act to facilitate the observed
neural driven immune response (Noguchi, Furukawa, and Morimoto 2020; Carey, Card,

Voltz, Arbes, et al. 2007) that was sex dependent in lung slices.

In conjunction with the changes caused by CGRP to immune and
neuroendocrine cell populations, ex vivo CGRP addition resulted in virtual elimination of
neuronal fibers containing ir-CGRP. To test whether CGRP exposure resulted in
removal of fibers carrying ir-CGRP or whether the exposure simply caused release of ir-
CGRP but with fibers still present, a more general marker for peripheral neuronal fibers
was examined; ir-peripherin at 24- and 48 h ex vivo. Exposure to CGRP did not reduce
the quantity of peripherin-ir fibers. Therefore, it is unlikely that the previously ir-CGRP
fibers were eliminated from the slice via degradation. Instead, this disappearance may
suggest a positive feedback loop of CGRP release from CGRP-ir fibers upon interaction
with the peptide; meaning that CGRP is released when CGRP is externally present
(e.g., pre-‘synaptic’ receptors). Conversely, ir-CGRP was not lost from PNECs or NEBs
after treatment with exogenous CGRP and no visual increase in PNEC or NEB
fluorescent intensity was observed. The retention of ir-CGRP in PNECs versus neuronal

fibers may indicate a difference in the presence of a receptor across these cell types.
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Ex vivo treatment with CGRP increased SPC-ir granule size and number,
suggesting an effect on AT2 cell quantity and function. While CGRP has previously
shown to induce epithelial cell proliferation in cell lines, changes in SPC granule number
and size have rarely been reported in PCLS (Dakhama, Larsen, and Gelfand 2004; Li,
Cohen, et al. 2020; Oslund et al. 2009; Fu et al. 2010; Kawanami et al. 2009). The
change in SPC immunoreactivity in the tissue may indicate a change in tissue alveolar
cell coverage, because a greater number of observed granules and AT2 cells will result
in less space for alveolar type 1 (AT1) projections. Comparatively, the increase in
average size of granules indicates a higher level of SPC production and potentially
secretion. The pneumocyte populations, consist of AT1 and AT2 cells which are
responsible for air exchange and lung structure, respectively. The ratio of these two cell
types is dynamic. Both AT1 and AT2 cells have been reported to transdifferentiate into
the other under certain conditions, to maintain homeostatic activity in the lung (Jain et
al. 2015; Wang et al. 2018; Jansing et al. 2017; Rosenblum et al. 1998). The observed
change in surfactant production and AT2 cells may suggest that CGRP exposure plays
a role in the re-epithelialization process in ex vivo slices which has been shown in
several other PCLS models relating primarily to idiopathic pulmonary fibrosis (Kiener et

al. 2021; Ptasinski et al. 2021).

Although innervation of the lung has been explored in the past, it has only been
minimally studied in a PCLS model. This study demonstrates the potential of PCLS as a
model for investigating peripheral neuro-immune interactions. The nervous innervation
of the lung is implicated in various defensive mechanisms against disease utilizing

neuropeptide release. Further, there is an implication that neuronal exposure to
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neuropeptides results in release of subsequent diverse neuropeptides resulting in
complex reactions. For example, one known interaction between substance P, VIP, and
CGRP can modulate inflammatory reactions such as mucus secretion in the lung
(Atanasova and Reznikov 2018; Chang et al. 2015). VIP, substance P, and CGRP are
all located in part around airways and maintain this vicinity in the precision cut lung
slices utilized in these experiments. In the current study, neuronal fibers and
immunoreactive neuropeptides were maintained ex vivo for over 5 days, making the
model more complete than some other PCLS models. The current PCLS protocol
allowed for up to sixty parallel slices from the same mouse providing for significant
within mouse controls. This made it easier to consider differences caused by
environmental stressors, differential microbiota, and other factors that may change from

mouse to mouse.

In summary, addition of lung-injury-levels of CGRP to PCLS results in
proliferation of CD19* B cells, increase in size of NEBs, increase in the number of
surfactant C granules, and a disappearance of CGRP immunoreactive fibers. These
immunological, physiological, and neurological changes occurred in a sex dependent
manner. Furthermore, the technical advance of the current slice model allowed the
demonstration of neuronal components in the lung that had not been previously
demonstrated for CGRP fibers. Using PCLS for neuroimmune lung axis studies allows
for exploration of internal lung circuits and will lead to a higher understanding of

neuroimmune involved disease response in the future.
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Chapter Three/Assessing the Stability and Local Response to Porous Protein
Microcrystals in Precision Cut Lung Slices?
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Overview:

While there are a variety of different drug delivery methods which vary in time of release
and location, the method which has produced the greatest interest in the last decade is
intranasal drug delivery. This method would immunize the nose and throat membranes
as well as lung without the systemic challenges common to oral or injected drugs. This
method currently faces a variety of challenges such as difficulty transporting such drugs
do to their temperature sensitive natures and the liability of the current delivery
mechanism: lipoparticles, to be absorbed by lipid membranes. One way to overcome
these challenges is to utilize mesoporous protein crystal scaffolds that contain a loaded
guest. Fluorescently labeled crystals can be visualized separately from fluorescently
labeled guest in lung tissue. These crystals have been shown to slowly release nucleic
acids when introduced to precision cut lung slices. It has further been shown that the
crystals are not cytotoxic, and do not trigger an immune response from the tissue.
Furthermore, the crystals can be loaded with lipopolysaccharide (LPS), a component of
the bacterial cell wall which can trigger an immune response. Administration of
fluorescently labeled LPS in crystals, compared to a soluble LPS control, demonstrates
release from crystals via generation of B cells. Tissue maintained health demonstrated
by a consistent level of permeable (apoptotic or mitotic) cells measured in a slice and
crystal structure was not degraded over time. These results demonstrate the potential of

porous protein microcrystals as a delivery vehicle for pharmaceutical compounds.
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Introduction

We previously demonstrated that a 19.1 kDa trimeric periplasmic polyisoprenoid-
binding protein from Campylobacter jejuni (CJ), could be reproducibly produced in E.
coli. These “CJ” crystals can be grown to diameters above 100 um, and smaller than
200 nm, by altering the batch growth conditions — in particular, total protein
concentration, precipitant concentration, and pH (Hartje et al. 2017). Crystals composed
of proteins can be loaded with a guest and have a variety of potential biological
applications. They are uniquely adept at adsorbing nucleic acids with strong binding
affinity (Hartje et al. 2018), but can also be loaded with other cargo. An objective of the
current study was to test the ability of porous CJ nanocrystals for precision cargo

delivery in a biological target tissue.

To determine biological compatibility of CJ crystals the current study chose an ex
vivo organotypic slice culture approach as a test bed. Considering a respiratory system
end use case, we chose organotypic lung slices (Schwerdtfeger, Ryan, and Tobet 2016;
Patlin 2022).This provides the basis for future utilization of live animal models with less
risk (Frohlich 2018; Pearson 1986). Chronic obstructive pulmonary disease, by itself, is
the third leading cause of death in the world (Mathers, Boerma, and Ma Fat 2009;
Lopez and Mathers 2006; Lopez et al. 2006). Improved nasal delivery mechanisms that
target the lung are needed to improve therapeutic efficacy (Newman 2017; Labiris and
Dolovich 2003a, 2003b; Zhang et al. 2022). CJ crystals generated from protein may

provide improved delivery of therapeutic cargoes over other options.
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To test cargo compatibility and capacities of the crystals several relevant
compounds were chosen, including nucleic acids and proteins. One specialty compound
was lipopolysaccharide (LPS): a glycolipid found in the cell wall of gram-negative
bacteria (Henjakovic et al. 2008; Kokoszynska et al. 2021). The lipid component is
distinctive based on the bacterial origin and provides a potent immunostimulant
function. LPS was chosen here because the innate immune system is primed to react
against it (Anand and Mande 2018; Kaul et al. 2020; Hussain et al. 2021). By providing
LPS as cargo, B cell proliferation provided a direct assessment of stimulated immune
signaling (Xu et al. 2008; Venkataraman et al. 1999; Feng et al. 2020). Interestingly,
because of its immune stimulatory properties, LPS has previously been used as a
vaccine adjuvant (Chilton et al. 2013; Melssen et al. 2019; Casella and Mitchell 2008).
In this study, therefore, CJ crystals were evaluated for evidence of decomposition in
contact with lung tissue as well as the influence of crystals with different cargoes on
lung health. LPS cargo induced immune responses and changes in the number of B
cells, cell death, and morphology between LPS, LPS loaded crystal, and control crystal

groups were assessed.

Materials and Methods

Animals

Male and Female adult C57BL/6J mice were used. Mice were housed by Laboratory
Animal Resources in the Pathology Building at Colorado State University. Mice were
multi-housed in plastic cages with aspen bedding (autoclaved Sani-chips; Harlan
Teklad, Madison, WI) with a 12:12-hour light-dark cycle and access to water and food

(no. 8640; Harlan Teklad).
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Precision Cut Lung Slice Preparation

Slices were prepared similarly to previous work (Schwerdtfeger, Ryan, and Tobet
2016).Adult C57BL6/J Thy1-YFP mice were anesthetized using isoflurane and
decapitated. Animals were perfused through the heart with warm phosphate buffered
saline (PBS). The lungs were inflated using 1ml of 40°C 2% low melting point agarose
in MQHZ20 until the lung was visibly inflated to the edge of the lung without rupturing it.
A lung lobe was sliced at 250um using a vibrating microtome (VT1000S; Leica
Microsystems, Wetzlar, Germany). Slices were cultured in phenol red-free lab-made
adult neurobasal culture media made with 4mM glucose and L-cysteine reduced to
175um (Smith et al. 2021) with 2% B27 supplement (Life Technologies;

https://www.thermofisher.com/order/catalog/product/17504044;:CTS+B27 cell culture

media) with a collagen overlay composed of vol/vol: 10.4% 10x MEM, 1.9% PS, 4.2%
sodium bicarbonate, and 83.5% collagen (PureCol; Inamed, Fremond, CA). Slices were
cultured for up to five days with daily media changes. Slices from three animals were

used to generate slices for experiments to account for biological variability.

Immunohistochemical Analysis:

After fixation of slices with 4% paraformaldehyde followed by PBS washes free-floating
immunohistochemistry was performed. Lung slices were placed in 1% sodium
borohydride for 2-hours followed by 3x10-minute PBS washes. The tissue was then
blocked using a 5% normal goat serum (NGS; Lampire Biological, Pipersville, PA), 3%
hydrogen peroxide and 0.3% Tx solution in PBS for 2-hours with a change of solution at

1-hour. Primary antisera were applied in a solution containing 5% NGS, 0.3%Tx, and
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PBS for 120-hours. Before application of fluorophore-conjugated secondary antisera,
slices underwent 4x30-minute washes in a 1% NGS, 0.2% Tx, and PBS solution. Slices
were exposed to secondary antisera for 24-hours followed by 4x30-minute washes in a
0.02% Tx PBS solution.

Table 2: Antibodies used for immunohistochemistry

Primary Source Secondary Source Marker for
Antibody Antibodies
CD19 14-0199-82 Cy3 anti-rat B-cells
112-166-003 Jackson
2ug/ml eBioscience 1:500
ImmunoResearch
SPC Ab3786 EMD | Cy3 anti- 111-166-045 Jackson | Surfactant
1:500 Millipore rabbit 1:500 | ImmunoResearch Protein C

Tissue Health:

Tissue health was assessed by visual inspection of morphology in each experiment.
Slices did not have any necrosis and were field bright; they also did not contain any
signs of tissue degradation such as fraying edges or visible loss of epithelial or
endothelial cells. In addition, to determine the toxicity of the crystals to the tissue,
acridine orange was used to visualize nuclear membrane permeable cells via binding to
DNA and cells via binding to RNA in all cells(Byvaltsev et al. 2019). Slices were
incubated at 37°C with 2uM acridine orange (A1301; Invitrogen, Thermo Fisher
Scientific) followed by 3x10-minute washes with lab-made adult neurobasal + B27

media. Slices were then imaged live using a Nikon Te2000 for acridine orange binding
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to DNA using a Texas red filter set (fluorescent emission 656) and for binding to RNA

using a fluorescein/GFP filter set (emission 533).

Expression and purification of CJ

Large (>50 ym diameter) CJ crystals were grown via sitting drop vapor diffusion, as
described previously (Hartje et al. 2018). Briefly, 2.5 ul, containing approximately 30 ug
of purified CJ protein, was mixed with 2.5 pL of sitting drop well buffer, before sealing
the well and incubating at 4°C for several days. Each well contained approximately 400
WL of buffer; precipitant concentrations ranged from 3.1 M to 3.6 M ammonium sulfate,
100 mM Bis-Tris, at pH 6.0 or 6.5. After growth, individual large crystals were manually
looped from the mother liquor, washed several times in 4.2 M trimethylamine-N-oxide
(TMAOQ), then crosslinked in 40 mg/mL 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDAC), dissolved in 4.2 M TMAO, for 1 to 7 days at room temperature.
After crosslinking, the crystals were looped into a quench solution (50 mM sodium
borate, pH 9.0) and incubated at room temperature for 30 minutes to 1 hour, before

storing long-term in 20 mM HEPES, pH 7.4 at room temperature.

Micro- and nanocrystal batches were synthesized as described previously (Hartje et al.
2017; Hartje et al. 2018); in short, one volume of purified CJ protein, concentrated to
between 40 and 50 mg/mL, was combined with 5 volumes of precipitant buffer (3.2 M —
3.5 M ammonium sulfate, 100 mM HEPES or Bis-Tris, pH 7.0). The total volume of
crystals grown using this method ranged from 240 L (i.e., 40 pL of protein combined
with 200 uL of precipitant buffer) to 720 pL. Crosslinking of micro- and nanocrystals was

achieved by first pelleting the crystals via centrifugation (5:00 minutes at 2,000 x g) and
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replacing the mother liquor/supernatant with 4.2 M TMAO. After centrifuging again, the
supernatant was replaced with 0.5 - 0.75 mL crosslinking buffer (40 mg/mL EDAC,
dissolved in 4.2 M TMAO), supplemented with NHS-Pacific Blue dye (Thermo Fisher,
P10163) or NHS-Texas Red dye (Thermo Fisher, T20175) at a final concentration of 5
pug/mL. The crystals were allowed to soak in crosslinking buffer for >18 hours at room
temperature, with constant rotation. The crosslinking was quenched by replacing the
supernatant with EDAC quench buffer (50 mM sodium borate, pH 9) and incubating at
room temperature with constant inversions for >30 minutes. The crystals were then
pelleted a final time, and the supernatant was replaced with 1X PBS, pH 7.5, and stored
at room temperature long-term. All crystals underwent UV irradiation to insure sterility

prior to ex vivo live tissue exposure.

Guest Incorporation

For loading of guest nucleic acids, crystals were soaked for greater than 1 hour at room
temperature in 1 yM, fluorescein-labeled ssDNA (5'-
TAGGCGACTCGACGGTCTTACGCGTTACGT -3’), and subsequently washed in
nuclease-free water. Guest fluorescence within the crystals was validated on an Eclipse
Ti-E series inverted spinning disk confocal microscope (Nikon), prior to crystal addition
to tissue slices. For LPS testing, crystals were incubated at room temperature with 0.1
mg/mL Alexa Fluor 568-LPS conjugate for > 1 hour. After soaking, the crystals were

washed once and resuspended in nuclease-free water.
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Results

Figure 8: A) Nanocrystals are composed of a hexagonal beehive structure composed of 13nm pores.
B) Histogram of crystal size. C)-E) electron micrograph of crystals.
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Figure 9. Tissue remains healthy over 4 days ex vivo as demonstrated by consistently low
cell death visualized via acridine orange. A) DNA shown in cells with permeable nuclei in the
red channel at 48 h ex vivo representing dead cells. B) RNA shown in cells in the green
channel at 48 h ex vivo. C) Composite image of A and B. D) DNA shown in cells with
permeable nuclei in the red channel at 96 h ex vivo representing dead cells. E) RNA shown
in cells in the green channel at 96 h ex vivo. F) Composite image of D and E. G)
Visualization of NHS-Pacific Blue labeled crystals.
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Porous micro- and nanocrystals are hexagonal structures composed of trimeric
subunits. The pores in the crystal are ~13nm in diameter and span the depth of the
crystal (Figure 8a). They range in size from 200-1300nm with the majority of crystals
approximately 100nm in size (Figure 8b).

Parietal Pleura
Lung slice anatomy

Bronchiole

Alveolar space Arteriole

Figure 10. Anatomy of a PCLS. A) Alveolar space and parietal pleura with 500um
scale bar. B. Arteriole and bronchiole with 200um scale bar.

Lung slices were maintained ex vivo up to a week. Health status of lung slices were
observed using a variety of characteristics. Macroscopically, lung slices consisted of the
alveolar spaces (where breathing would occur in vivo), the parietal pleura which is the
outside wall of the lung (Figure 10a), the airways or bronchioles, and the blood vessels
or arterioles (Figure 8b). In all cases, the cells maintained their characteristic shapes
and size with no evidence of tissue degeneration. To further demonstrate the health of
the tissue unloaded NHS-pacific blue conjugated crystals were utilized to prevent
fluorescent overlap with acridine orange (Figure 9g). When treated live with acridine
orange, cellular DNA was visualized in the red channel (Figure 9a, d) and RNA was
visualized in the green channel (Figure 9b, e). Because acridine orange can cross
cellular but not nuclear membranes, in the red channel, this labeling allows visualization
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A Ohafter crystal addition B  2ah after crystal addition C 4daysaftercrystal addition |])

Figure 11. Lung slices exposed to unloaded Texas red labeled micro/nanocrystals. A-C)
PCLS imaged live immediately, 24 h, and 96 h after crystal addition show no fluorescence in
the green channel and are a control for crystal visualization. Scale bar is 200um. E-G) PCLS
imaged live immediately, 24 h, and 96 h after crystal addition are fluorescent in the red
channel and demonstrate a greater number of crystals present in the plane of the tissue over
time. Scale bar is 200um. D) After fixation confocal images of crystals were acquired
showing no fluorescence in the green channel and high fluorescence in the red channel. No
degradation of crystal fluorescence or structure was observed compared to pre-experiment

of porous nuclear membranes of dead cells. No change in the number of dead cells in a
lung slice were observed with crystal addition. Red and green overlays were then

generated to show localization of the labeled DNA and RNA populations (Figure 9c, f).

To determine whether the crystals could enter the tissue slices, Texas red labeled
crystals were applied on top of the collagen overlay and the progression of crystals into
the plane of the tissue was observed by sequential imaging. Live images were taken
immediately, 24 h, and 48 h after addition in with a Fluorescein/GFP filter set to
visualize all cells containing RNA (Figure 11a-d) and a Texas red filter set to visualize
cells with permeable nuclear membranes (Figure 11e-h). This functions as a marker of
tissue health by separating out cells which are dead and mitotic from the total

population. Crystals were visible in the Texas red channel, but not the fluorescein/GFP
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Figure 12. Loading LPS into crystal pores changes the B cell immunomodulatory effects of
crystals. A) B cell population 24h ex vivo in PCLS not exposed to crystals (-/-). B) B cell
population 48h ex vivo in PCLS not exposed to crystals (-/-). C) B cell population 24h ex
vivo in PCLS exposed to unloaded crystals (-/+). D) B cell population 48h ex vivo in PCLS
exposed to unloaded crystals (-/+). E) B cell population 24h ex vivo in PCLS exposed to
LPS loaded crystals (+/+). F) B cell population 48h ex vivo in PCLS exposed to LPS loaded
crystals (+/+). G) B cell population 24h ex vivo in PCLS exposed to LPS in bath (+/-). H) B
cell population 48h ex vivo in PCLS exposed to LPS in bath (+/-).

channel). Some crystals fell into the plane of the tissue immediately after addition
(Figure 11e) and remaining crystals, arrived over the next several days (Figure 11f-g).
After aldehyde fixation, high magnification images of the crystals in the tissue showed

no degradation of Texas red fluorescence or crystal structure (Figure 11d, h).

Crystals were loaded with a fluorescein conjugated DNA to demonstrate loading with a
biologically relevant molecule. Unloaded crystals were visualized in red and green
channels as a z projection 3D image for unloaded (Figure 11a) and loaded crystals
(Figure 11b). Texas red labeled crystals loaded with a fluorescein conjugated DNA were
yellow in lung tissue.
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Crystals did not cause an immune modulatory effect in lung tissue (Figure 12c-d)
compared to tissue without crystals (Figure 12a-b). LPS applied via bath (Figure 6g-h)
results in a much higher B cell population increase than crystals loaded with LPS
(Figure 12e-f). Slices generated from female mice had a higher B cell population growth

than slices generated from male mice.

Discussion

In the current study, PCLS were used to test the biocompatibility of CJ crystals with live
organ tissue. When LPS was loaded into crystals as cargo, there was an apparent
proliferation of B cells in the slices. This B cell population increase was less than the
population increase generated by treating PCLS with LPS in the media that likely
indicates a restricted release mechanism from the crystals. Conversely, unloaded
crystals added to PCLS did not influence normal B cell populations. These comparable
populations indicate that the crystals themselves did not have an immunomodulatory
effect across 48 h. One benefit of the crystals being inert when testing them for use in
the lungs is that they will not contribute to the overactivated immune system pathology
common to many respiratory diseases. The crystals can be loaded with a broad range
of biologically relevant substance such as nucleic acids and proteins which makes them
a potential drug delivery mechanism for a broad range of pharmaceuticals. Pore sizes,
which can be regulated in the synthetic steps, can be large meaning that the size of

cargo can be relatively large compared to other models.

As seen previously (Patlin 2022), healthy tissue was noted after several days without

added crystals and the addition of crystals by themselves did not change any aspect of
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tissue health. Crystals clearly penetrated the porous protective polymer that covers the
PCLS over 96 hours with some immediate deposition that increased over time. Total
delivery of crystals was not accomplished, but this effect mirrors the effect of applying a
drug nasally, because the mucociliary ladder will prevent complete delivery making it a
better model for nasal drug delivery. There were no increases in cell death in unloaded
crystal treated slices visualized across 96 h, and no change in B cell population
observed in unloaded crystal treated PCLS compared to vehicle treated. The effects of
LPS-loaded crystals on B cell populations that are representative of immune responses

in PCLS indicates the utility of CJ crystals as a potential drug delivery vector.

The current study was conducted to determine whether there were any adverse effects
of CJ crystal in live tissue (ex vivo) (Zhang et al. 2022; Schuster, Laggner, and Langer
2005; Zhang et al. 2013). There was potential for CJ crystals to negatively interact with
tissue due to the proteins’ microbial origin. As a polyisoprenoid binding protein it was
possible that it could bind to something in mammalian tissue. Further, the synthetic
process of crystal formation may have rendered the material toxic to live tissue (e.g.,
bacterial contamination). In all situations studied, the crystals were inert there were no

inappropriate infections; only LPS as cargo induced a physiological response.

Based on the results of the current study, CJ crystals may provide a useful vaccine
delivery vector. Such a vector should be able to deliver an antigen to the host immune
system. A vaccine delivery vector should be able to maintain the stability of the vaccine
during storage and transport. This can help to ensure that the vaccine remains effective
and retains its potency until it is ready to be administered; this is especially relevant in

settings where maintaining cold-chain supply is not feasible. Crystals are stable above
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freezing temperatures and may be able to prevent guest molecules from degrading in

transport.

In the current study, PCLS was used to study the efficacy of porous nanocrystals as
drug delivery devices. Crystals interacted with the PCLS without affecting health as
visualized by maintenance of gross morphological characteristics of the tissue, the B
cell immune population, or cell death. Crystals were loaded with LPS, an immune
stimulator that can be used as a vaccine adjuvant. The LPS loaded crystals resulted
significant B cell activation. The activation was less compared to LPS added directly to
the media suggesting that the crystals provided for restricted release. In conclusion,
porous protein micro/nanocrystals have potential as a drug delivery mechanism going

forward.
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Chapter Four/Conclusions

PCLS are an increasingly useful model for studying topics relevant to respiratory
disease. They contain diverse cell type populations and maintain the 3D scaffold
structure and extracellular matrix of an actual lung. Cell-cell and cell-extracellular
interactions are maintained and therefore PCLS are extremely biologically relevant.
They have also recently been shown to be a useful model for drug development,
bridging the gap between in vitro and in vivo models. This model is imperative for
studying respiratory diseases that affect all systems in the lung. Many aspects of
respiratory disease have yet to be explored. For example, interactions between the
nervous system and the immune populations in the lung are rarely explored ex vivo, and
although the model is useful for drug development, it is just beginning to be used for

that purpose.

In the studies presented here, experiments exploring these understudied aspects
of disease were explored in PCLS in a sex selective manner with a focus on immune
change indicated primarily by B cell population changes. In the first study, the signaling
effects of the peptide CGRP were examined in relation to the physiological,
immunological, and neural populations of the lungs. In the second study, the use of
PCLS as a platform for studying drug delivery and the potential of porous protein

crystals was assessed for a role in drug delivery.

Although innervation of the lung has been explored in the past, it has only been
minimally studied in a PCLS model. Chapter 2 demonstrates the potential of PCLS as a
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model for investigating peripheral neuro-immune interactions. The nervous innervation
of the lung is implicated in various defensive mechanisms against disease utilizing
neuropeptide release. There is an implication that neuronal exposure to neuropeptides
results in release of subsequent diverse neuropeptides resulting in complex reactions.
For example, one known interaction between substance P, VIP, and CGRP can
modulate inflammatory reactions such as mucus secretion in the lung (Atanasova and
Reznikov 2018; Chang et al. 2015). VIP, substance P, and CGRP are all located in part
around airways and maintain this vicinity in the precision cut lung slices utilized in these
experiments. In the current study, neuronal fibers and immunoreactive neuropeptides
were maintained ex vivo for over 5 days, making the model more complete than some
other PCLS models. The current PCLS protocol allowed for up to sixty parallel slices
from the same mouse providing for significant within mouse controls. This made it
easier to consider differences caused by environmental stressors, differential

microbiota, and other factors that may change from mouse to mouse.

Addition of lung-injury-levels of CGRP to PCLS resulted in proliferation of CD19*
B cells, increase in size of NEBs, increase in the number of surfactant C granules, and
a disappearance of CGRP immunoreactive fibers. These immunological, physiological,
and neurological changes occurred in a sex selective manner. The technical advance of
the current slice model allowed the demonstration of neuronal components in the lung
that had not been previously demonstrated for CGRP fibers. Using PCLS for
neuroimmune lung axis studies allows for exploration of internal lung circuits and will

lead to a higher understanding of neuroimmune involved disease response in the future.
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In chapter three | showed that PCLS can be used to study the efficacy of porous
microcrystals as a drug delivery device. Crystals interact with the PCLS and do not
affect health as visualized by no change in morphology, the B cell immune population,
or cell death. Crystals then can be loaded with an adjuvant molecule known as LPS.
The LPS loaded crystals then result in a lower level of B cell activation compared to

LPS in the media of the PCLS.

Change in B cell population size can be induced in the lungs by delivery of LPS
via micro/nanocrystals. This B cell population increase was less than the population
increase generated by treating PCLS with LPS in the media which may indicate a partial
or slow-release mechanism from the crystals. Conversely, PCLS treated with unloaded
crystals have normal B cell populations compared to vehicle treated PCLS. These
comparable populations indicate that the crystals themselves do not have an
immunomodulatory effect across 48 h. One benefit of the crystals being inert when
testing them for use in the lungs is that they will not contribute to the overactivated
immune system pathology common to many respiratory diseases. However, the crystals
can be loaded with a broad range of biologically relevant substance such as nucleic
acids and proteins which makes them a potential drug delivery mechanism for a broad
range of pharmaceuticals. Further, the size of the pore is large meaning that the size of
loadable contents can be relatively high compared to some other models. Porous
protein micro/nanocrystals therefore have great potential as a drug delivery mechanism

in the future.

Although some changes related to CGRP exposure were elucidated, more

functions and molecular mechanisms have yet to be explored. Sex differences also
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need to be further studied due to the significant history of differences in respiratory
disease and the dearth of sex selective neuronal signaling leading to immune response
in the lungs. These experiments could include hormonal influences on CGRP signaling,
sex differences in other immune populations, or characterization of changing transcripts
produced in the lungs of male and female mice relevant to CGRP. Other neuropeptide
effects could also be assessed both separately and in tandem. Another line of study
which needs to be explored is the role of bacteria in the lung on the lung-gut axis. There
are several connections between the gut and the lungs both in terms of blood flow and
neural fibers. Because it has become clear that the lungs are not a sterile organ, and
contain a thriving microbiome, the effects of different bacterial populations need to be
assessed in reference to neurological signaling in the lung. The neuroimmune axis of

the gut plays a vital role in respiratory disease response.

In terms of studying drug delivery mechanisms, it will be important in the future to
determine the protective nature of the crystals, because of the current difficulties with
maintaining proper temperatures and conditions for drug efficacy. Other cellular
populations should also be explored and the polyisoprenoid protein which composes the
crystals may have some unintended affects which should be verified. Because it is
relatively immunologically inert, the crystals should be tested for ability to uptake a
broader range of biologically relevant molecules with properties such as

hydrophobicity/hydrophilicity, size, and stability.

Respiratory disease, treatment, and innate immune response in the lung are highly
complex. Therefore, it is useful to have a model which can simplify some of the
variables by eliminating extra signaling from outside the lung while maintaining the in-
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organ interactions. By adding sensors, the model can be adapted to assess lung
metabolism to increase the range of information that can be collected. Our PCLS model
has broad ranging potential uses in drug development and in understanding respiratory
diseases. These slices also have great potential for studying infectious disease. It is
more humane to study these diseases ex vivo, but cell lines do not provide enough
translational relevance. Facets of this model such as the maintenance of the 3-
dimensional structure and intercellular interactions make it ideal for studies of
dangerous respiratory pathogens. It is also relevant for determining adverse side effects
in other parts of the lung and exploring the role of over- and under-active immune
responses related to respiratory disease progression. PCLS can also be generated from
explants that may make them a possible diagnostic tool in the future. They could be
instrumental for studying future pandemic level threats. Large scale infectious events
tend to be respiratory in nature and this model will speed up understanding the disease

and developing treatments for the future.
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Appendix 1/Supplemental Figures

At 24 and 72 h, the sizes of B cells in PCLS from females were significantly
larger than the sizes of B cells in PCLS from males. Cells were an average of 11%
larger (45 ym?) in female slices compared to (40um?) males (Figure S4h; P = 0.037).
There were no significant changes in the number of CD19* B cells counted at 24-, 72-,
and 120- h ex vivo (P = 0.55). The number of B-cells in slices from females (51 +/- 0.21)
was not notably different compared to the number in slices from males (54+/- 0.35). in
controls at 24-, 72-, and 120- h ex vivo (Figure S4g; P < 0.22). Representative images
of B cell clusters at 24- (Figure S4a, d) 72- (Figure S4b, e), and 120- h (Figure S4c, f) in
male (Figure S4d-f) and female (Figure S4a-c) are shown. When compared in size, the
size of male (Figure S4d-f) and female (Figure S4a-c) B cells area did not significantly

change when measured at 24-, 72-, and 120- h ex vivo P =.97, P=0.36,).

There was no change in area of CGRP fibers measured at 24-, 72-, and 120-h ex
vivo (P=0.86) and female slices did not exhibit a significant difference in CGRP area per
ROI compared to male slices (Figure S3h; P < 0.9; F (4, 27)). No significant difference
between male and female CGRP fiber area per ROI (Figure S3g) as shown in male
(Figure Sb5a-c) and female (Figure S5d-f). Compared to total area of CGRP fibers in a
male slice, area of female fibers is significantly lower at 24- (P<0.0001) 72-h (P=0.012)
and 120-h (Figure S5h; P=0.0045). There was no change in total area per slice
(P=0.76) or area per ROI (P=0.82) of Peripherin-ir fibers measured at 24-, 72-, and 120-
h ex vivo. Female slices did not exhibit a difference (Figure S6q) in fiber area (Figure

S6d-f) compared to male slices figure (Figure S6a-c; P=0.26; F (1, 28)).
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There was no significant change in size (Figure S7h; P = 0.67) or number (Figure
S59g; P = 0.84) of SPC granules seen across five days ex vivo seen in males (Figure
S7a-c) or females (Figure S7d-f). Male granules were significantly larger than female
granules at 24 h (Figure S7a/d; P = 0.011) and 120-h (Figure S75c/f; P = 0.007 and

trended towards being larger at 72-h ex vivo (Figure S7b/e; P = 0.088).
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Figure S1: Tissue slices demonstrated the ability to incorporate exogenous carbohydrate
(GalNaz) into mucopolysaccharides suggesting mucus was being produced. Scale bars are
50um.

24-hours = |48-hours

Figure S2: Morphology of lung slices from C57BL6/J Thy1-YFP transgenic mice across 96 h
ex vivo. Low magnification images A-D excited with at 488nm can be compared with higher
magnification images of Fluorescein isothiocyanate (FITC) perfused tissue to display airways
(yellow) and blood vessels (green) in red (550 excitation) and green (488nm excitation)
overlayed images. Scale bars are 100um.
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Figure S3: Immunohistochemical labeling of neuronal fibers in the lung. A. Peripherin is a
peripheral neuronal intermediate filament protein that serves as a comprehensive marker for
neuronal fibers in the lung; immunoreactive (ir) cell bodies were seen in some images. B.
Choline acetyltransferase (ChAT)-ir fibers are a marker for cholinergic fibers likely of vagal
origin. C. Substance P-ir fibers. D. CGRP-ir fibers and ir-CGRP was also found in pulmonary
neuroendocrine cells and neuroendocrine bodies. E. Vasoactive intestinal peptide (VIP).
Scale bars are 100um.
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Figure S4: There were no significant differences in number of sizes of B cells between sexes
over five days ex vivo. There were no significant changes in size or number of B cells in
slices from males or females B cells from 24 — 120 h ex vivo. Areas of B cells in slices from
females were greater than the areas of B cells in slices from males. * Indicates significance
between males and females. A-C. Lung slices from males containing B cells from 24-120h ex
vivo. D-F. Lung slices from females showing B cells from 24-120h ex vivo. Scale bars are
25um.
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Figure S5: There are more CGRP-ir fibers per slice in males than females. There is no
significant change in CGRP-ir fibers from 24 — 120 h ex vivo. * Indicates significance
between males and females. A-C. Male lung slices labeled for CGRP showing CGRP-ir
fibers and pulmonary neuroendocrine cells. D-F. Female lung slices showing B cells from 24
— 120 h ex vivo. Scale bars are 25um.
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Figure S6: Average area of immunoreactive (ir) peripherin fibers did not change across 24 —
120 h in slices from males or females. There was no sex difference for average fiber area. A-
C. Lung slices from males demonstrating ir-peripherin fibers and cell bodies. D-F Lung slices
from females demonstrating ir-peripherin fibers and cell bodies. Scale bars are 25um.

81



24h ex vivo 72h ex vivo 120h ex vivo

(3  Number of surfactant C granules over 5
days

7000

|
€000 ) [ ] I
0o
]
]
00
1000

Day 1 Day3 Day5
mmale B ferrale

Male

H Average surfactant C granule area over 5
days

3 .
*
3 * I T
; (
;
o
Day 1 Day3 Days
am

ay -
ale Efemale

Granule area in pm*2

Female

Figure S7: Number and area of immunoreactive (ir) SPC labeled granules produced by
alveolar type 2 cells did not change over five days ex vivo. ir-SPC granules in slices from
females were smaller significantly smaller at 24 h and 120 h and trends toward being smaller
at 72 h. * indicates significance between data from slices originating from males and
females. A-C. Male lung slices across 24-120 h ex vivo showing ir-SPC. D-F Lung slices
from females across 24 — 120 h ex vivo showing ir-SPC. Scale bars are 25um.
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Figure S8: There was no change in the number of pulmonary neuroendocrine cells (PNECs)
with 24 or 48 h exposure to exogenous CGRP compared to vehicle. No sex differences were
observed.
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