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ABSTRACT

While the lung was once believed to be sterile, research now shows that transient
microbial communities exist within healthy lungs and are often dysregulated in patients
suffering from malnourishment, respiratory infections, and disease. According to the
World Health Organization, vitamin A deficiency (VAD) is a major public health issue in
low-income communities and many developing countries, while additional studies have
shown dietary VAD leads to various lung pathologies. The inability to parse vitamin A-
mediated mechanisms from other metabolic mechanisms in humans with pathogenic
endotypes, as well as the lack of data investigating how VAD affects the lung microbiome,
remains a significant gap in the field. To address this unmet need, we compared molecular,
metatranscriptomic, and morphometric data to identify how dietary VAD affects the lung

as well as the lung microbiome. Our research shows structural and functional alterations in

Vi



host-microbe-diet interactions in VAD lungs compared to vitamin A-sufficient (VAS)
lungs; these changes are associated with epithelial remodeling, a breakdown in mucociliary
clearance, microbial imbalance, and altered microbial colonization patterns after 8 weeks
of vitamin A-deficient diet. These findings confirm vitamin A is critical for lung
homeostasis and provide mechanistic insights that could be valuable for the prevention of

respiratory infections and disease.
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Note that at the time of submission, parts of the following section were under review at
Science Translational Medicine. They were also available as a preprint at BioRxiv:
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INTRODUCTION

SECTION 1: Vitamin A

1.1 Overview

Vitamin A is an essential micronutrient in all vertebrate animals, including humans.
It cannot be created endogenously and therefore must be ingested through diet.* The two
major dietary forms of vitamin A are preformed vitamin A (retinol, retinyl esters) and
provitamin A carotenoids (such as alpha- and beta-carotene); preformed vitamin A is
derived from animal products such as meat, eggs, and dairy, while provitamin A
carotenoids are derived from plant foods and are converted to retinol in the body.? Dietary
vitamin A is absorbed by the small intestine and circulates as retinol in the body, where it

is then taken into the cells.®

All-trans retinoic acid (RA), the bioactive metabolite of vitamin A, is essential for
reproduction,* embryonic development and growth,® vision,® and immunity” in mammals.
Studies have shown serum and liver vitamin A levels do not accurately reflect the
bioavailability of RA in the tissue.® This is because the concentration of RA is tightly
regulated at both the tissue and cellular levels. When the tissue has sufficient or excess RA,

the retinol is converted to retinyl ester for storage, a process mediated by lecithin retinol



acyltransferase (LRAT).® However, when there is a deficiency of RA (RAD), the oxidation
of retinol to RA occurs, with a key step mediated by aldehyde dehydrogenase (ALDH).*°
RA then enters the nucleus where it binds to retinoid X receptor (RXR) and retinoic acid
receptor (RAR) heterodimer known as the retinoic acid response element (RARE) to

mediate transcriptional activity (Illustration 1).11-12

Dietary Sources of Vitamin A
(Retinol)

i

_ A

-

Excess vitamin A ! Vitamin A-deficient

Retinyl Ester ‘_’ Retinol € L4 »
@
[ ]

Lrat ALDH

Nucleus

B, FiR
—
Transcriptional Repression without Transcriptional Repression Transcriptional Activity
RXR/RAR complex activation mediated by RXRs and RARs mediated by RXRs and RARs

llustration 1: Metabolic pathway of vitamin A.

Ina VAD setting, retinol is converted to RA. RA enters the nucleus and binds to RAR/RXR
heterodimers to activate transcription of the target gene. In the VAS setting, retinol is
converted to retinyl ester by LRAT and stored within the cell. Illustration created using
Biorender.



1.2 Epidemiology

Vitamin A deficiency (VAD), combined with protein malnutrition, is the most
common nutritional disorder in the world.® According to the World Health Organization
(WHO), VAD primarily affects low-income communities and developing countries, two
demographics where recurrent respiratory infections are common, and malnutrition is
widespread.® 131> Low vitamin A intake greatly raises the risk of VAD-associated disorders
(VADD) such as xerophthalmia, worsened infection, and mortality.®® VAD patients
often suffer from diarrhea, respiratory diseases, and other inflammatory disorders, which
lowers the endogenous vitamin A level further by (1) reducing intake due to anorexia and
malabsorption, (2) decreasing the level of transport proteins, and (3) excess excretions via

the urinary and gastrointestinal tracts, further heightening the risks of VADD 81

1.3 Respiratory Manifestations

It is well-documented that vitamin A plays an essential role in the maintenance of
mucociliary differentiation of the tracheobronchial tree in vertebrates, including humans.?*
22 Chronic VAD in humans predisposes the host to chronic obstructive pulmonary disease
(COPD), asthma, idiopathic pulmonary fibrosis (IPF), and respiratory infections such as
tuberculosis (TB), influenza, measles, and SARS-CoV-2.82%2 A major clinical challenge
is the inability to fully reverse the epithelial damage, infection risk, and mortality rate in
patients with vitamin A supplementation alone.?®3! In some cases, malnourished patients
given excess vitamin A can cause a cytotoxic condition known as hypervitaminosis A in

patients.® leading to symptom exacerbation and a worsened prognosis overall.®



Conversely, respiratory infections have been shown to deplete vitamin A serum levels and

retinoid stores in patients,® effectively inducing VAD independent of diet.®®

Additionally, there are associations between the composition and diversity of the
lower respiratory tract (LRT) microbiome and idiopathic pulmonary fibrosis (IPF),
asthma,® acute respiratory distress syndrome (ARDS),%*® COPD,%* lung cancer,®" and
SARS-CoV-2-induced lung damage.®® These findings suggest that the LRT microbial
microenvironment may trigger, predispose, or exacerbate lung pathogenesis. Thus,
identifying alternative therapeutic targets would not only impact the long-term health of
patients, but may also be an effective prevention and control strategy for the transmission

of respiratory infections to the greater public.

SECTION 2: Lung

2.1 Overview

Descending from the trachea, the airway branches into an increasingly intricate
network of bronchi leading into the airspaces of the LRT.%® Maintaining the proximal and
distal airway structure is a major component regulating healthy airway function in adults.
RA acts directly or indirectly to influence cellular proliferation, differentiation, and
patterning of the respiratory system; these mechanisms tightly regulate tissue
determination, branching morphogenesis, and alveolarization.*® The airways are lined by
a pseudostratified epithelium, which plays a major role in mucociliary clearance (MCC), a

critical innate defense mechanism responsible for maintaining homeostasis in the lung.*!



In addition to airway clearance, the epithelium maintains the mechanical barrier of
the airway. Adhesion and tight junctions bind epithelium together to form the physical-
mechanical barrier responsible for preventing microbial invasion and lung infection.*?
Smoking, malnutrition, and bacterial infections are just a few ways that airway barrier
function can be aberrated, leading to permeability of the epithelium, a loss of cellular
polarity, a reduction in ciliary beat frequency, and a subsequent loss of proper MCC
mechanics.*-* Specifically, chronic VAD can lead to squamous metaplasia of the airway
epithelium that predisposes humans to respiratory infections and disease.3* With dietary
VAD becoming a global phenomenon in disparate communities, exploring RA-mediated
mechanisms responsible for epithelial remodeling, embryonic lung development, and adult

lung health remains an unmet need.

2.2 Lung Components of Immunity
2.2.1 Epithelium in Innate and Adaptive Immunity

Increasing evidence suggests the lung epithelium play an essential role in both
innate and adaptive immune responses.*® As the first line of defense against pathogens and
other insults, the airway epithelium performs multiple functions simultaneously: barrier
integrity, cell-cell sensing and signaling, mucosal immunity, and microbial clearance.*>
Proliferation in the airway is largely quiescent in healthy adult lungs but is markedly
increased in patients with COPD, cystic fibrosis, and cancer; increased proliferation causes
epithelial remodeling that impairs these critical functions and leads to a breakdown in lung
structure and function.*’-*® Epithelium also expresses molecules that modify the immune

landscape in the lungs by triggering B- and T-cell activation and differentiation.



Dysregulation of these mechanisms often leads to lung inflammation and injury over

time.*?

2.2.2 Localized vs. Distal Immune Responses

While immune activation can be triggered locally in the lung as previously
described, it can also be activated by distal signals from the gut where over 70% of the
body’s total immune response occurs; signaling peptides such as short-chain fatty acids
travel to the lung to modify the local immune landscape via the gut-lung axis.>® Gut
dysbiosis is one of the factors found in patients with developing asthma and other
respiratory conditions.5*%® Fecal transplants of healthy gut microbes into mice with
S.pneumoniae lung infections both alleviated the infection and lowered cytokine levels in

the lung, illustrating how the gut microbiome can distally modify lung immunity.>+>°

2.2.3 Quorum Sensing

Another method of modifying localized immune responses is through quorum
sensing (QS). When growth conditions change, such as a loss of nutrients or an increase in
oxidative stress, bacteria and fungi secrete molecules into the extracellular space that
activate signaling pathways to alter host immunity and cellular gene expression.>® QS
permits bacteria to communicate as a community, signaling behaviors such as planktonic-

to-sessile adherence, biofilm formation, and antibiotic resistance.>’%®

2.2.4 Pathogen Detection

In addition to the MCC, lung epithelial cells can control or kill microbes by

releasing antimicrobial peptides into the airways following activation of pattern



recognition receptors (PRRs) by pathogen-associated molecular patterns (PAMPS) or
damage-associated molecular patterns (DAMPs).>® PAMPs are derived from microbes and
are largely pro-inflammatory signaling molecules that cause localized tissue inflammation
and injury in response to infection.®® DAMPs are host-derived molecules released from
damaged, dying, or tumor cells.®* DAMPs can activate an immune response like an
infection but without the microbial insult, a phenomenon that often exacerbates the severity
of existing lung infections.%2%4 DAMPs are common in patients who recently suffered
excessive cellular stress, damage, and aberrant remodeling to the tissue, but can also be

found in response to hypoxia or ischemia.®®%7

PRRs are found on innate immune cells, epithelial cells, and fibroblasts.®®° Some
of the most common PRRs include membrane-bound toll-like receptors (TLRS),
intracellular NOD-like receptors (NLRs) and intracellular retinoic acid-inducible gene I-
like receptors (RLRs).”® Once ligands bind to PRRs, a signaling cascade triggers changes
in gene transcription and post-translational modification in host cells that often alter
cellular structure and function. Despite extensive research, most mechanisms responsible

for PRR selectivity and activation by QS signaling peptides are still being investigated.

2.2.5 Role of Airway Epithelium in Maintaining MCC

Animal models deficient in vitamin A display respiratory epithelial hyperplasia
followed by squamous metaplasia.”* Similarly, airway epithelial culture in-vitro in medium
free of RA loses the pseudostratified mucociliary epithelium and possesses a stratified,

squamous morphology.’”? The loss of pseudostratified mucociliary epithelium is also a



hallmark of several respiratory diseases characterized by epithelial injuries, repair defects,

tissue remodeling, and altered MCC.">"4

The two main epithelial cell types in the LRT are secretory cells and ciliated cells
(CCs). At the bronchoalveolar transition sites in the human airway, club cells (formerly
called Clara cells) replace the function of goblet cells in mucin production, a major
component of epithelial barrier integrity and microbial defense.” Club cells are non-
ciliated cells capable of mucus (bronchial feature) and surfactant (alveolar feature)
production, and are the major secretory cells in the intraparenchymal airways.”>®
Secretory cells secrete a mucinous layer that protects the apices of the airway epithelium
by trapping the inhaled particles, potential pathogens, and commensal microbes within the
mucin. CCs facilitate the transport of microbes, particles, and other pollutants proximally
to expel these substances, a process known as the mucociliary escalator and a major

component of MCC mechanics in the lung.”

TUBB4A and CC10 proteins are both critical for maintaining lung homeostasis
through MCC mechanisms.”” Several studies have found secretory protein CC10
expression up-regulated in obstructive lung diseases and down-regulated in restrictive lung
diseases, making CC10 an important biomarker for lung health and disease.”® Likewise,
expression of nuclear FOXJ1 and ciliary TUBB4A proteins are key regulators of motile

ciliogenesis in the airway epithelium.”®-8

2.2.6 Planar Cell Polarity and Ciliogenesis



Planar cell polarity (PCP) is a ubiquitously conserved mechanism in eukaryotes
that is maintained by many factors. Desmosomes, tight junctions, and adherens junction
complexes are a few components that aid in maintaining barrier integrity while permitting
signaling between the epithelium along the airway.®* Cytoskeletal components maintain
structural integrity and help define the apical and basal regions of the cell.#2 When barrier
integrity is lost, junction complexes cannot maintain cell polarity effectively, leading to a

disruption in cellular organization and division.®

2.2.7 Respiratory Infections and Malnutrition

Malnourishment, either in the form of undernourishment or obesity, alters the host
immune response and increases the risk of infections.* Pneumonia and acute lower
respiratory infections continue to be major causes of childhood mortality worldwide,
especially in  malnourished children from developing countries.®58 Likewise,
malnourishment has been shown to alter both innate and adaptive immune responses in
humans, with VAD specifically associated with the development and severity of asthma,
pneumonia, COPD, TB, lung cancer, measles, influenza, and SARS-CoV-2 infection.®%+
2887 Despite the strong correlation between VAD and the increased risk and severity of
respiratory infections, the mechanisms driving this vulnerability are still unclear and

warrant further study.
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SECTION 3: Lung Microbiome

3.1 Overview

A healthy lung microbiome is maintained through a careful balance of immigration
and elimination.® In this way, the lung is a unique microenvironment due to the transient
nature of its microbial communities. However, when MCC is impaired, the microbes
cannot be expelled effectively, providing a permissive niche for pathogenic microbial
colonization and biofilm formation.®*® The subsequent dysbiosis may cause further

epithelial injury, leading to chronic diseases.

While the field of microbiomics - or the study of the microbiome as a discipline -
is still rapidly developing, new insights continue to support associations between the
diversity and composition of the lung microbiome and the health of adult lungs in humans.
Unfortunately, investigating changes in microbial composition in the human LRT is
expensive, invasive, and relatively difficult. Sputum samples and nasal swabs are the most
common forms of collection for respiratory microbiome analysis but are not representative
of the LRT specifically as the upper respiratory tract microbes are also present in these
samples.®! The “gold standard” sampling method is to extract lung tissue from the patient
for sequencing, a technique that is invasive, painful, risky, and challenging to control for
covariables such as differences in collection sites, demographics, and patient cohorts.
Combined with factors such as genetic background and lifestyle, reproducibility of patient-
derived microbiome research quickly becomes a dubious task.°?®3 Creating standards in

microbiome research that leverage reproducible models such as in-vitro organoids or in-
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vivo animal models will help standardize the field and reduce technical bias in microbiome

results.

3.2 Lung Microbiome and Respiratory Disease
3.2.1 Lung Microbiome in Patients with Disease or Infection

It has been well-characterized that infectious agents impair lung function and repair
mechanisms in malnourished patients, but these studies fail to account for more complex
host-microbe and microbe-microbe interactions, leaving the mechanisms involved in these
interactions largely unknown.®* Several studies highlight the role that common pathogens
and commensals play in health and disease, but few have investigated the relationship
between diet, microbial abundance, and lung pathogenesis. Especially within the LRT
where microbial abundance is low, understanding the dynamic flux of microbial activity
is imperative to uncovering biomarkers for lung infection and disease, which holds

tremendous potential for early clinical diagnostics.*®

3.2.2 Biofilms and Lung Pathogenesis

Several host- and microbe-derived factors carefully regulate microbial adherence,
colonization, and invasion/infection in the lung, such as the mucosal immune system,
signaling peptides within the airway, bacteriocins, and bacteriophage.®®! In hostile
conditions such as nutrient deprivation, hypoxia, or inflammatory cell activation, bacteria
can form a colony that collectively produces a protective outer shell to protect from
antimicrobial substances and to preserve nutrients and energy; this shell is often called an

extracellular polymeric substrate or substance (EPS).102-104
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Biofilms create group dynamics in mixed microbial communities that are both
functionally and structurally complex.%® While several definitions of biofilms exist, for
this dissertation we refer to the 2002 Donlan and Costerton definition: “a microbially
derived sessile community characterized by cells that are irreversibly attached to a
substratum or interface or each other, embedded in a matrix of extracellular polymeric
substances (EPS) that they have produced, and exhibit an altered phenotype concerning

growth rate and gene transcription.”%

Chronic or recurrent infections caused by multidrug-resistant pathogens continue
to be a significant public health burden and a major cause of morbidity and mortality in
hospitalized patients. These pathogens are challenging to eradicate due to their resistance
to conventional antibiotics and their ability to form biofilms.1°7-1% Bijofilm formation is
the primary mechanism bacteria utilize to evade the host immune system and antibiotic
treatment; once formed, the EPS outer shell is notoriously difficult to destroy.'% Biofilm-
derived bacteria are reprogrammed to break off from the original biofilm and seek another
location within the host tissue for invasion, adherence, and colonization; this behavior
contributes to inflammation and persistent infections in patients over time.1%1! Therefore,
understanding the mechanisms that trigger biofilm formation in the lung by variably

abundant microbes would have great clinical relevance for patient health outcomes.

3.3 Lung Microbiome in Mouse Models

Accurately characterizing host-microbe-diet interactions in humans is difficult.

Patients with one vitamin deficiency are often deficient in others and factors like genetics
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and lifestyle influence microbial variability, leading to complications and batch effects in
downstream analysis.}*?>*®* The microbiome of each person is unique, containing a
consortium of microbes that differs even between siblings or offspring.t!4-115
Compositional complexity and inter-microbial dynamics of the microbiome influence the
function and structure of adult lungs in ways that require further study. However,
experimental standards have yet to be established in the field. There is currently a wide
variety of experimental and computational approaches to microbiome research with few

gold standards or core principles, leading to discordance in human datasets.*®

A well-controlled mouse model can overcome most of these challenges. By
administering a custom diet to isogenic littermates, we can isolate the functional and
morphological effects of dietary VAD on the lung without undue environmental or genetic
influence. Here, we used a combined metatranscriptomic, morphometric, and functional
approach to explore changes to the host lung epithelium as well as characterize the

microbial milieu of the VAD mouse lungs.
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Note that at the time of submission, parts of the following section were under review at
Science Translational Medicine. They were also available as a preprint at BioRxiv:
https://doi.org/10.1101/2024.06.21.600110
MATERIALS AND METHODS

Housing and Dietary Modulation

Wild-type C57BL/6J female mice were purchased from Jackson Laboratory at 7-9
weeks of age (catalog # 000664). Female mice were used exclusively for the preliminary
study to minimize in-fighting and potential injury during transit or during the required 1-
week acclimation period following arrival to our animal facility, which would minimize
the potential for a compromised immune system. Female mice also allowed us to co-house
mice shipped in different cages, which would enable us to control for cage effects in our
preliminary study.'” We also used female mice to remove sex effects from the preliminary

results, which is another covariate that could have skewed our findings.

Mice were purchased from Jax as littermates to minimize genetic drift as another
covariate. Four mice were shipped in each cage; following the acclimation period, mice
were separated evenly into each arm of the study and housed with a female from a different
cage to ensure any variation in the microbiome due to cage effects was shared evenly
between the two dietary treatments. Cage localization and variation in microbes on the
cages themselves can drastically affect the outcome of lung microbiome research.84

Considering these findings, we changed the cage, food, water, and bedding as well as
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rotated the cages in the rack every 2-3 days so that each cage was never 1) next to the same

cages or 2) in the same location on the rack more than once throughout the entire study.

We provided each cage with a custom research diet created by Envigo® that was
either vitamin A-sufficient (VAS) or VAD (Catalog # TD.91280 and TD.86143). The chow
was sterilized, irradiated, and vacuum-sealed to prevent microbial contamination. After the
mice had undergone the desired period of dietary modulation, the mice were euthanized
and their lungs extracted. The left lobe of each lung was paraffin embedded for histology
and immunohistochemistry (IHC), while the right lobes were homogenized for mixed host-
microbe bulk RNAseq (Illustration 2).

RNA Isolation and Extraction

The following protocol was designed by our lab to achieve mixed RNA samples
with a higher microbiome RNA yield than previously published techniques. To do so, we
tested many approaches and combined portions of three separate protocols for maximum
results; a portion of our modified GentleMACS® (Miltenyi Biotec, catalog # 130-096-427)
technique created by our lab for cell sorting and whole lung digest, a portion of the
QiaShredder® (Qiagen, catalog # 79656) tissue disruption and homogenization protocol
to maximize mammalian RNA extraction, and a portion of the PureLink® RNA extraction
(Thermo Fisher/Invitrogen, catalog # 12183018A) and DNase Digest (Thermo
Fisher/Invitrogen, catalog #s 12185010 and 18068015) for maximum 16S and mixed
microbiome sample RNA integrity. The following is our novel mixed host-microbe RNA

extraction protocol:
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Preparation

Mice were euthanized using isoflurane with cervical dislocation as a secondary
method. To ensure minimal cross-contamination, dissection tools were sterilized in 100%
ethanol for one hour before placing in a surgical tray. Dissection supplies and pre-aliquoted
sterile solutions were placed in a metal surgical tray, the tray sealed in a transparent bag,
and processed through a ThermoFisher CL-1000 ultraviolet (UV) crosslinker once (catalog
# 95-0174-01, serial # 061608-001). Without opening the bag, items were turned over and
processed through the UV crosslinker again. The supplies remained in the sealed
transparent bag until it was time for lung extraction. The bag was sterilized with 70%

ethanol before placing it in a fume hood to open for use.

Extraction

Lungs were extracted using sterile forceps and dissecting scissors. The trachea and
as much of the connective tissue as possible were removed from the LRT while the sample
was still within the thoracic cavity to minimize contamination. The left lobe was placed in
a canonical tube containing 4% paraformaldehyde and placed on ice. The right lobe was
placed in a 1.5mL Eppendorf tube, previously sterilized in the surgical tray, containing
1mL of RNAlater (Thermo Fisher/Invitrogen, catalog # AM7024) and placed on ice. The

left lobes were stored in a 4°C refrigerator until the next day.
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Whole Lung Tissue Disruption and Homogenization

Each lobe that was previously placed in RNAlater was transferred to a
GentleMACS® M-tube (Miltenyi Biotec, catalog # 130-093-236) with 1.2 mL of RLT
buffer from the Qiagen® RNeasy mini kit (catalog # 74104). 24 uL. 2M DTT was added to
the tube, and then homogenized using the GentleMACS™ Octo-dissociator (Miltenyi
Biotec, catalog # 130-096-427). Two programs were used that are pre-programmed and
standard for this machine; the “m lung 01 01" setting was run once, followed by two
rounds of “RNA_01 01”. The M tubes were then centrifuged at 15,000 rpm for 2 minutes.
Up to 650 uL of the supernatant was transferred into a QiaShredder spin column by
Qiagen® (catalog # 79656), keeping the M tubes on ice. QiaShredder columns were
centrifuged at 12,000 x g for 2 minutes before adding 50 uL of RNA-free water directly
onto the spin column and centrifuging for another 2 minutes at 12,000 x g. The flow-

through tubes were capped and placed on ice between each transfer of the spin column.

Pellet Disruption and Homogenization

100 uL of lysozyme solution was added to the M tubes and vortexed to resuspend
the pellet. 8 uL of 1% SDS solution was added before vortexing and transferring the
samples to Eppendorf tubes. Using a 21-gauge needle, we rapidly filled and expelled a 1
mL syringe 15-20 times to ensure the bacterial cell walls had been denatured. The tubes
were then centrifuged at 12,000 x g for 2 minutes at room temperature before transferring

the supernatant to a clean RNA-free microcentrifuge tube.
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RNA Extraction

250 uL of 100% ethanol was added to each tube and vortexed briefly. Each sample
was transferred into a spin cartridge with a collection tube from the PureLink® RNA
extraction kit and centrifuged at 12,000 x g for 15 seconds at room temperature. The flow-
through was discarded but not the collection tube. 350 uL of Wash Buffer | was added to
the column to repeat the previous step once before discarding and replacing the collection
tube. We were sure to use only one spin cartridge per sample tube collected from the
homogenization steps. Even though fewer spin cartridges could reduce contamination and
the potential for sampling bias, performing too many centrifuges with the same spin

cartridge will clog the membrane and dramatically reduce the RNA yield.

DNA Digest

80 uL of DNase Digest solution from the PureLink® DNase digest protocol was
added to each spin cartridge and incubated for 15 minutes at room temperature. 500 uL of
Wash buffer Il was added to each spin column and centrifuged for 15 seconds at 12,000 x
g. Flow-through was discarded from the collection tube before repeating the previous step.
The spin cartridge was placed into a clean 1.5 mL Eppendorf tube for its final elution and
collection phase. 40 uL of RNA-free water was added to the center of the spin column
before incubating for 1 minute followed by centrifugation at 12,000 x g for 1 minute.
Another 40 uL of RNA-free water was added around the edges of the spin column and the
previous incubation and spin steps were repeated once per spin cartridge. Each spin column

collected from the same sample was placed into the same Eppendorf collection tube for the
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elution stage. Each collection tube was vortexed to combine elutions well before verifying

the RNA yield and quality using a Nanodrop™ spectrophotometer.

Using the protocol outlined above, the RNA we collect averages a perfect nucleic
acid 260/280 ratio of 2.0-2.1, and an excellent RNA Integrity Number (RIN) of 9.1-9.9.
Our designed protocol is exhaustive, requiring an entire day for extraction and three
separate RNA processing Kits plus additional reagents. However, our downstream analysis
results indicate these extra steps lead to higher yields and RINs than other protocols we’ve
tried.

Host-Microbe Total RNA Sequencing (RNAseq)

Sample Selection and Sequencing Depth

To ensure the best quality data, we extracted RNA from 18 samples after 3 weeks
(9 VAS and 9 VAD) and 23 samples after 8 weeks of dietary modulation (11 VAS and 12
VAD) before submitting them to the Boston University Microarray and Sequencing
Resource (BUMSR) Core Facility for quality control (QC) analysis. The 10 samples at 3
weeks and 14 samples at 8 weeks with the best quality and yields were approved for further
processing and library preparation, with 260/280 scores ranging from 2.0 to 2.1 and yields
from 40.4 ng/uL to 284.6 ng/uL. To increase the sequencing depth of the microbiome in
our mixed samples, BUMSR performed mouse rRNA depletion prior to sequencing. Next
Generation total RNA sequencing was performed using the Illumina NextSeq2000.
Samples underwent two sequencing runs using a P2 flow cell for the first run and a P3 flow

cell for the second run to increase sequencing depth. Each run repeated for 200 cycles with
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100 x 100 base pair paired-end reads. The final sequencing depth was approximately 1.77
billion read pairs, ranging from 60.7 to 86.9 million reads for each of the 24 samples

collected (Table 1).

Sequence Pre-processing and Alignment

Raw FastQ files of single paired-end reads were trimmed based on minimum
Illumina phred scores of 33 using the Trimmomatic package version 0.36.118120 The
trimmed sequences were aligned to bacterial, fungal, viral, and miscellaneous microbial
gene indices downloaded from Refseq*?! while filtering out samples that also aligned to
human and mouse gene indices from Refseq. Rsubread was used to align the same
sequences to the mouse gene index mm10.*%2 Raw RNA sequences feature counts and the
pre-processing and sequence alignment code written by our lab is available on our Github

repository.1%3

RNAseq Data Analysis

Raw read counts were loaded into two R-based Shiny Apps for preliminary data
analysis: for the microbiome, Animalcules*?* version 1.4.0 in RStudio version 4.0.2, and
for the host, Single Cell Toolkit'? version 1.9.1 in RStudio version 4.1.1. Within the Single
Cell Toolkit platform, the host RNAseq read counts were normalized using the Limma
R/Bioconductor software package,'?® version 3.44.3 in Animalcules and version 3.48.3 in
Single Cell Toolkit. Alpha and beta diversity plots were generated in

MicrobiomeAnalyst.*?’12° P-values for diversity plots were calculated in the app using the
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Wilcoxon Rank Sum Test with continuity correction model. BatchQC*?® was used to
normalize feature counts using Combat and DESeq?2.130-1%2

Paraffin-Embedding and Sectioning Lung Tissue

Left lobes were fixed in a 4% paraformaldehyde solution overnight at 4°C. We then
paraffin-embedded the lungs by clearing the tissues in serial dilutions of ethanol and xylene
and processing the tissues in a 60°C vacuum oven with paraffin wax for 3 hours. The tissues
were left to harden at room temperature before storing in the 4°C fridge until sectioning.
Paraffin-embedded tissues were sectioned into 5 um tissue slices using a microtome. The
tissues were left in a 37°C oven overnight to cure before storing in a 4°C fridge until
staining.

Immunohistochemical Staining

Protocols for each stain were followed using the guidelines specified by their
respective manufacturers; SCGB1A1/CC10 from Santa Cruz Biotech (1:1200, catalog #
sc-365992), TUBB4A from Invitrogen (1:1500, catalog # AA10), FOXJ1 from Thermo
Fisher Scientific (1:1500, catalog #14-9965-80), Ki-67 from Invitrogen eBioscience
(1:200, lot # 1935015), Crumbs from the Varelas laboratory at Boston University (1:1000),
Scribble from Santa Cruz Biotech (1:500, catalog # 11049), and E-cadherin from Abcam

(1:500, catalog # ab40772).

All secondary antibodies were diluted to 1:500: Donkey anti-rabbit from Jackson

Immuno Research (lot # 138314) for CC10, Crumbs and E-cadherin, donkey anti-goat from
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Life Technologies (lot # 1627966) for Scribble, and donkey anti-mouse from Thermo
Fisher (catalog # A21202) for FOXJ1, TUBB4A, and Ki-67.

Fluorescence In-Situ Hybridization

For fluorescence in-situ hybridization (FISH), we used the RNAscope® 2.5 High-
Definition Detection Kit (RED) from ACD Bio (catalog # 322350) and followed the
manufacturer instructions for formalin-fixed paraffin-embedded tissues to visualize
retinoic acid receptor-y (RARg) transcript expression (catalog # 463118). After the
hybridization steps, we blocked the tissues in donkey serum (1:200) for 45 minutes before
staining with TUBB4A (1:1500) overnight.

Genetic Mouse Model Generation

To create our RA knockdown mouse model, we purchased genetically engineered
mice on a C57B/J6 background from Jackson Laboratories.’*®* Male mice with a
heterozygous tamoxifen-inducible Cre recombinase located in the endogenous Nk2
homeobox 1 (Nkx2.1) promoter region were bred with female mice containing a loxP-
flanked STOP codon upstream of a dominant-negative retinoic acid receptor-o. (dNRAR)
gene in the Rosa26 (R26) locus. The resulting progeny contained a tamoxifen-inducible

lung epithelium-specific RAD mutation.*341%

These mice underwent daily intraperitoneal injections of tamoxifen (Sigma-
Aldrich, catalog # T5648-1G) for 5 days. Tamoxifen doses were 20 mg/mL of corn oil, or
5 uL per gram of body weight. After injections, the mice underwent a mandatory

observation period of 3 days in the separate animal facility designated for tamoxifen
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injections to ensure they did not experience adverse side effects and to allow the tamoxifen
to be externally secreted away from the general mouse population. After the isolation
period, the mice were moved to the general mouse facility where they remained for the
duration of the study. Lungs were collected at 8 weeks and 19-20 weeks using the same
protocol as the dietary model (Illustration 2, 19-20 week data not shown).

Ciliary Function Assay

The tissue collection, processing, and imaging protocol for the ex-vivo tracheal
analysis of ciliary motility is published and publicly available by Jove.'*® We used a Nikon
wide-field deconvolution epifluorescent microscope at the BUMC Cellular Imaging Core
Facility. We used 0.20 um Fluoresbrite® carboxylate microspheres from Polysciences,
catalog number 09834-10. Video footage of microsphere motility was recorded at 250
frames per second in accordance with the above-mentioned Jove protocol. The videos of
equal time length were then processed in the Nikon NIS Viewer package and composite
images of each video file were generated to measure the distance traveled by each bead
using Fiji/lmageJ software.*” A minimum of 100 beads were measured for each arm of the
study.

Morphometric Analysis

Formalin-fixed paraffin-embedding tissues were processed into 5um sections and
stained using hematoxylin and eosin (H&E) or IHC with CC10 and TUBB4A antibodies
to visualize the airway epithelium (n = 10). Tissues were imaged at 40x, 63x, and 100x

depending on the quality of the image and tissue section. Ciliated cells and secretory cells
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were counted using QuPath cell detection and annotation software.**® Epithelial cell ratios
were measured by dividing the number of each cell type by the total number of epithelia.
Hyperplastic regions were also calculated from the 8-week VAS and VAD samples using
QuPath. Using the drawing function from the toolbar, | manually selected and annotated
hyperplastic and non-hyperplastic regions of interest in the airway epithelium. The total
area of each classification was measured in um? (3-4 mice per arm and 3-4 images per
sample, n = 7) and compared between diets. Hyperplastic ratios were measured by dividing
the hyperplastic area by the total area measured per image. The statistical significance of
both findings was determined using the student’s T-test.

Gram Stain and Colony-Forming Unit Quantification

Formalin-fixed paraffin-embedded tissues were sent to the National Emerging
Infectious Diseases Laboratories (NEIDL) Pathology Comparative Laboratory (NPCL).
The laboratory of Nick Crossland used a standard Gram stain on 5-um thick sections before
imaging using a whole-slide scanner. Gram-stained sections were visually analyzed on
QuPath to count the number of bacterial colony-forming units (CFU) on each whole tissue
section (n = 8).

Real-Time polymerase chain reaction (PCR)

Total RNA was extracted using the previously mentioned extraction protocol and
processed using the Invitrogen™ Superscript™ I11 First-Strand Synthesis system for RT-
PCR (catalog # 18080051). Samples were reverse transcribed using the manufacturer’s

instructions. Each ¢cDNA sample was then mixed with TagMan®, a mouse [-actin
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endogenous VIC-labeled control probe from Thermo Fisher (catalog #s 4444557 and
4352341E), and the Thermo Fisher FAM-labeled probe of interest per batch: early
secretory marker Scgb3a2 (MmO00504412 m1l), late secretory marker Scgblal
(MmO00442046_m1), early ciliary marker Foxjl (Mm01267279 m1l), and late ciliary
marker Tubb4a (Mm00726185 s1). 20uL of sample mix per well was plated in triplicate
into a flat-bottom 96-well plate and analyzed using a QuantStudio3™ real-time PCR
system by Thermo Fisher (catalog # A28566) for the Ct Standard Curve (AACt).

Bronchoalveolar lavage (BAL) Microbial Extractions

After 8 weeks of dietary modulation, BAL donor mice were euthanized with
isoflurane (Sigma, catalog # 792632) in an induction chamber. The trachea was exposed
using sterile scissors and forceps. 20-gauge sterile catheters (BD Angiocath™, Ref #
381134) were inserted into the stoma made in the exposed mouse trachea (Supplemental
Figure 3). We collected 500 uL of BAL fluid (BALF) after administering 700 uL of sterile
PBS (Gibco, catalog # 14190144) with a sterile syringe (BD, Ref # 309602). This step was
repeated once more for a total sample collection of 1mL. Samples were centrifuged at
12,000 x g for 2 minutes at 4°C before removing the upper 900 uL of supernatant. Samples
were vortexed briefly before performing a live/dead cell stain using Trypan Blue (Thermo
Fisher, catalog # 15250061) and following the manufacturer’s instructions. Cell counts
were performed using a Corning® Cytosmart™ cell counter (catalog # 6749) with the
gating size set to 0-11 um. Cell counts were performed in triplicate, vortexing the filtered
BAL briefly between each run. The final cell counts and cell sizes were averaged and

graphed using the Cytosmart™ Technologies software that comes standard with the
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machine. Samples were kept on ice until the instillation stage. The average live cell
concentration extracted using this protocol was approximately 1.5 x 10° cells/mL.

Intratracheal Microbial Transplants

BAL recipient mice were anesthetized with isoflurane inside an induction chamber.
Mice were kept in the chamber until their heartbeat slowed and were immobile but not
deceased. The recipient mice were mounted on a rodent intubation stand (Braintree
Scientific, SKU # RIS 100) suspended by their incisors using string, and secured to the
stand by the tail. The tongue was held with sterile forceps out of the mouth and gently
pulled to one side while 100 uL of the donor BAL was administered intratracheally (IT)
using a 100 uL pipette and sterile pipette tip. The mouse would then aspirate the microbial
transplant (MT) for several seconds but no more than 30 seconds; the IT instillation was
considered successful once the mouse was breathing normally. We found the MT
predominantly infiltrated the left lobe and the proximal regions of the right lobe using this

approach (data not shown).
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Note that at the time of submission, parts of the following section were under review at
Science Translational Medicine. They were also available as a preprint at BioRxiv:

https://doi.org/10.1101/2024.06.21.600110

RESULTS

CHAPTER ONE: VAD ALTERS LUNG FUNCTION AND MORPHOLOGY

Establishing VAD in mouse lungs

For the purposes of this study, we define “chronic VAD” as maintaining an adult
mouse on a VAD diet for 8 weeks.!*® We maintained 8-week-old wild-type C57BL/6J mice
on a VAS or VAD diet for 8 weeks before extracting both lobes of the lung for bulk RNA
sequencing and histology/IHC analysis (lllustration 2). Since serum vitamin A levels do
not accurately represent RA bioavailability in the lung, we opted to measure the RNA
expression of two enzymes that are critically involved in the vitamin A metabolic process,
lecithin retinol acyltransferase (Lrat) and aldehyde dehydrogenase 1 family memberAl

(Aldh1al) (Illustration 1).%-10

When the body is deficient in vitamin A, retinyl esters stored within the cells are
metabolized back into retinol, oxidized into retinaldehyde by alcohol dehydrogenase
enzyme, and then converted to RA by ALDH enzymes.'? The expression of LRAT is down-
regulated and ALDH1A1 is up-regulated to facilitate the biosynthesis of RA (Figure
1A).1%0 These transcriptional changes indicate the vitamin A pathway is altered to favor

retinol-to-RA biosynthesis, but further evidence is required to make that conclusion.
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We next assessed changes in gene expression of known vitamin A targets to see if
VAD lungs showed a reduction in vitamin A signaling. A heatmap depicting the level of
expression (LogCPM) of vitamin A target genes cluster VAS and VAD samples separately
(Figure 1B).1#-148 Expression of these vitamin A target genes was also down-regulated in
VAD lungs overall compared to the VAS lungs, indicating that VAD leads to reduced

vitamin A pathway activation.

Finally, genes down-regulated in VAD compared to VAS lungs (p < 0.05) were
analyzed against gene sets from the ChIP-X Enrichment Analysis (ChEA) transcription
factor target database.'*® Gene sets associated with RARs and RXRs were found highly
enriched in our samples (Figure 1C).1° These findings provide further support that the
mouse lungs are deficient in vitamin A signaling after dietary vitamin A deprivation for 8

weeks.
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Ilustration 2. Schematic of the sample collection workflow for VAD studies.

Adult wild-type C57BL/6J mice were maintained on a VAS or VAD diet for 8 weeks.
Both lobes of the lung were used for bulk RNA sequencing, histology, and IHC. Figure
was created using BioRender.
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Figure 1. Transcriptional confirmation of vitamin A deficiency in adult mouse lungs
after 8 weeks of dietary modulation.

(A) Gene expression of Lrat and Aldhlal, two indicators of tissue vitamin A status. P-
values = 0.009 and 0.036 respectively. (B) Heatmap of vitamin A targets from literature in
VAS and VAD mouse lungs. (C) Manhattan plot of ChEA gene sets. Each point indicates
one term from the ChEA 2022 gene set. The y-axis represents the —log(p-value) of the
enrichment between the input gene set and the ChEA term gene set. The input gene set
used included all down-regulated genes in VAS lungs at 8 weeks with a p-value < 0.05
(n=14). All mouse RNA sequencing files were annotated and processed using SingleCell
Toolkit version 1.9.1 on Rstudio version 4.1.1.
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Genes differentially up-regulated by VAD are enriched in epithelial and immune
cells

To determine which cell types were most affected by host VAD status, we
compared the genes that were up-regulated in VAD lungs (p < 0.05) with gene signatures
from the Tabula Muris single-cell transcriptome database.'® The tSNE clustering of the
cell ontology classifications from over 20 different mouse organs and tissues showed our
genes enriched in the lung epithelium, ectodermal epithelial stem cells, myeloid cells, and
lung-derived macrophages. This data provides evidence that epithelium and immune cells
are the primary cell types affected in the lung by VAD (Figure 2A).

Pro-proliferation gene signatures are enriched in VAD lungs

We next analyzed the up-regulated VAD genes using ChEA to perform
transcription factor (TF) enrichment analysis.'*® Our results showed that target transcripts
of pro-proliferation factors forkhead box protein M1 (FOXML1), jun proto-oncogene (JUN),
and transcription factor E2F4 (E2F4) were highly enriched in our VAD samples (Figure
2B),15% % indicating that dietary VAD alters the transcriptional landscape of the LRT to

increase cellular proliferation.

FOXML is considered an oncogenic TF and is found highly up-regulated in many
forms of cancer.’®1% Once activated, FOXM1 translocates into the nucleus where it
promotes cell cycle progression, proliferation, differentiation, and in some cases
tumorigenesis.®"1°8 Likewise, the JUN and E2F pathways are also found up-regulated in

the VAD lungs and have been linked to tumorigenesis in human and mouse studies. %162
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These results suggest that dietary VAD leads to an increase in proliferation and
activation of pro-oncogenic pathways in the LRT (Figure 2C).%" Interestingly, genes
associated with ciliary motility and cellular replication from literature were also
differentially expressed in VAD lungs (Figure 2C). These results provide evidence that
VAD-induced proliferation is triggered by signals of a real or perceived breakdown in
ciliary and cellular repair mechanisms, or that an increase in proliferation leads to a change

in cellular turnover that compromises the structure and function of the epithelium.
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Figure 2. Gene set and TF enrichment analyses show an increase in proliferation
signatures and a decrease in replication and ciliary motility in VAD lungs.

(A) Enrichr KG cluster map depicting five major nodes and three major clusters of gene
signatures from the Tabula Muris mouse model transcriptome database. The input gene set
used included all up-regulated genes in VAD lungs at 8 weeks with a p-value < 0.05 (n =
14). (B) Volcano plot showing targets of pro-proliferation transcriptional factors FOXM1,
JUN, and E2F4 enriched in VAD lungs at 8 weeks (p < 0.05, n=14). (C) Heatmap of
FOXML1 target genes gathered from literature. Gene expression is calculated as the log of
the total read counts per million reads (LogCPM).
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VAD diet leads to epithelial remodeling in adult mouse lungs

To determine if the VAD transcriptional signature translates to morphological
changes in the lung, we next performed histological analysis of the airways in the LRT of
VAS and VAD lungs. Our results show airway epithelial remodeling in the VAD mouse
lungs (right) compared to the VAS controls (left) (Figures 3A-F). The observed VAD-
induced airway remodeling is characterized by epithelial denudation and cellular debris,
thickening of the smooth muscle layer, focal hyperplasia, and an increased number of
epithelial cells expressing proliferation marker Ki-67 in both the large (Figures 3G-H) and
small airways (Figures 31-J) of the LRT.163

Further, quantification of Mki67 expression (the transcript for Ki-67 protein)
(Figure 3K) and Ki67* airway epithelial cells (Figure 3L) both support increased
proliferation in VAD airway epithelium. These results were consistent with previous
studies showing that vitamin A/RA pathway inhibition promotes proliferation in mouse
and human lung epithelial organoids.%* Taken together, these findings confirm an increase

in the proliferation of airway epithelial cells in VAD lungs.
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Figure 3. Increased proliferation and epithelial remodeling are observed in VAD
airways after 8 weeks.

(A-J) Histology staining of VAS and VAD lungs. (A,B) Whole lung scans showing regions
of image analysis in the proximal (E-H) and distal (1,J) regions of the LRT. H&E (C-F)
and Ki-67 (G-J) staining of VAS (left) and VAD (right) lungs. Hyperplasia in the VAD
airway is indicated by the blue arrow. The orange arrow points to a sloughed-off airway
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epithelial cell. Thickening of the basement membrane is indicated by the yellow arrow. Ki-
67" airway epithelial cells are indicated by the black arrows. Photos taken at 50 um (C-D)
and 20 pm (E-J) magnification. Boxplots of (K) Mki67 RNA expression and (L) Ki67*
cell counts in the airways and in VAS and VAD lungs at 8 weeks, p-values = 0.032 and
0.021 respectively (n = 14).
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Increased proliferation leads to focal hyperplasia and an increased proportion of
secretory cells in VAD airways

To further characterize the epithelial proliferation in VAD airways, we manually
annotated and quantified hyperplastic regions in the large airways using QuPath.**¢ VAD
airways were found to have a marked increase in focal hyperplasia compared to VAS
airways (Figures 4A-B, n = 10). Quantitative analysis illustrates a greater than 6x the
proportion of focal hyperplasia of the VAD airway compared to controls (Figure 4C, p =
0.000196). These results confirm that dietary VAD leads to proliferation and epithelial
remodeling in the airway of the LRT.

We next wanted to determine if VAD-induced epithelial remodeling favors a
particular cell type. Since the two most abundant epithelial cells in the mouse LRT airway
are secretory and ciliated cells,” we started by collecting whole lung samples for RT-PCR
analysis of secretory markers Scgblal and Scgb3a2 and ciliated cell markers Foxj1l and
Tubb4a. The levels of both secretory cell markers were significantly up-regulated in VAD
lungs while the levels of the ciliary cell markers were unchanged by VAD (Figure 4D).
Quantitative cell counts of secretory (CC10%) and ciliated (TUBB4A™-) cells in the airways
also showed an increase in the proportion of secretory cells relative to ciliated cells in VAD
lungs (Figure 4E). These results suggest that airway hyperplasia in VAD lung is driven by
the proliferation of the secretory cells, consistent with a prior report that RA signaling
inhibition of adult human and mouse lung epithelial organoids results in the proliferation

of secretory cells.1®*
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Figure 4. Proliferation and epithelial remodeling favor secretory cells in VAD lungs.

(A-C) Quantification of hyperplastic airway epithelium in VAS (A) and VAD (B) lungs.
(C) Hyperplastic ratios were quantified using QuPath. Scale bar in A and B: 50 um. (D)
Gene expression of secretory (Scgblal and Scgb3a2) and ciliary (Foxj1, Tubb4a) markers
in VAS and VAD mouse lungs (n = 14). ** = p < 0.01. “ns” = not significant. (E)
Proportion of ciliated and secretory cells normalized to the total number of epithelium
quantified within the airway of the LRT in VAS and VAD lungs. The y-axis represents the
actual proportion of total airway epithelium where 1 = 100%. P-values = 0.26 (VAS) and
0.07 (VAD) respectively. ns* = near significance.
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Dietary VAD alters airway ciliary pathways and morphology

Next, we performed gene set enrichment analysis of all differentially expressed
genes in VAD lungs at 8 weeks (n = 14, 619 genes with p < 0.05). The dataset was
converted using a mouse-to-human orthologous analysis pipeline built into the Reactome
data analysis toolkit.!%® The top three significant pathways from the Reactome 2022

database correlated to VAD status involved cilia assembly and trafficking (Figure 5A).

Of note, these same pathways were the most enriched whether we used a gene set
with all differentially expressed genes (DEGSs) including down-regulated genes (Figure
5A), or if we restricted our input gene set to only the up-regulated genes in the VAD lung
(Figure 5B). These findings provide robust evidence of a cilia-specific gene signature
present in VAD lungs that implicates ciliary dysfunction as a byproduct. Interestingly, the
same Reactome enrichment analysis of genes up-regulated by VAD also showed
enrichment for cell cycle pathways such as “Mitotic prometaphase”, “M phase”, “Cell
cycle, mitotic”, and “Cell cycle” (Figure 5B), providing further evidence that dietary VAD

leads to a hyperproliferative phenotype in the LRT.

Using the mouse-to-human orthologous pathway generator and disease pathway
analysis toolkit by Reactome,'®® we showed that genes with increased expression in VAD
lungs are enriched for Reactome terms relevant to striated and smooth muscle actin
contraction (Figure 5C, olive = p < 0.05, yellow = p < 0.01). Actin-myosin complexes form
actomyosin, a motorized protein mechanism that regulates the cytoskeletal integrity and

ciliary function of the cell.*®® Disruption of the subapical actin filaments prevents
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polarization and a metachronal beating pattern, leading to ciliary dysmorphism.®” These
results support the hypothesis that VAD-induced airway remodeling may have a profound

effect on airway smooth muscle contractility.

To identify whether RAR expression is dysregulated in CCs, we performed a dual
fluorescence in-situ hybridization and immunohistochemical (FISH-IHC) staining of
paraffin-embedded lung tissues. We co-stained the RNA of RAR- and RAR-y (B data not
shown) with ciliary protein marker TUBB4A and nuclear marker DAPI (Figures 5D-E).

This approach enables us to determine whether RA receptors are present in CCs.

TUBBA4A expression in control lungs was clearly defined at the apical surface of
the pseudostratified airway epithelium (Figure 5D). TUBB4A encodes tubulin protein that
is a major component of ciliary motility.8° In VAD lungs, TUBB4A expression was lost
sporadically throughout VAD airways but predominantly at sites of hyperplasia and
epithelial dysmorphism (Figure 5E). Taken together, these data suggest that VAD leads to
focal regions of airway epithelial remodeling characterized by hyperplasia, secretory cell

proliferation, and ciliary dysmorphism.
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Figure 5. Cilia dysfunction is observed in VAD lungs.

(A) Volcano plot of the top pathways from the Reactome 2022 database altered in VAD
lungs. The input dataset included all DEGs with p < 0.05 (n = 619). (B) Barplot showing
the top 10 enriched pathways from the Enrichr Reactome database using only genes up-
regulated in VAD lungs with p < 0.05. (C) Mouse-to-human orthologous pathway analysis
of bulk RNAseq using the Reactome pathway and image generator. The depicted pathways
are associated with striated and smooth muscle actin contraction, and any mechanisms
highlighted in yellow are significantly up-regulated in VAD lungs (p < 0.05). (D,E) FISH
of retinoic acid receptor-y (Rarg) RNA expression co-stained with ciliary protein marker
TUBBA4A and nuclear marker DAPI in VAS (D) and VAD (E) lungs. Scale bar = 50 um.



42

White arrows point to regions of TUBB4A expression (D) and absence of TUBB4A
expression (E) in the VAS and VAD airways.
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VAD leads to cilia dysfunction, a loss of apical protein expression, and a breakdown
in MCC in the airway

The structure and function of the CCs are imperative for proper MCC, the primary
innate defense mechanism in the airway.'®® To determine whether the VAD-induced
morphologic and transcriptional changes affect ciliary function, we performed an ex-vivo
ciliary motility assay to visualize the cilia-driven flow in VAS and VAD airways
(Supplemental Figure 2).13¢

Briefly, tracheal explants were extracted and immediately placed in Petri dishes
containing L15 media with 20 ul/ml of 0.2-um fluorescent microspheres; this microsphere
size is representative of most small particles, microbes, and other pollutants our lungs
commonly trap and expel under homeostatic conditions. Each petri dish was recorded using
a Nikon Deconvolution Wide-Field Fluorescence Microscope (B15D) equipped with a
camera and video acquisition software to measure the cilia-driven flow. Video frames were
concatenated to create still images, allowing us to measure the velocity and distance
traveled by individual beads (Figures 6A-H, green lines). A minimum of 100 beads were
measured for each arm of the study.

On VAS trachea, the fluorescent beads are observed moving in a smooth, concerted
motion in a largely singular direction, indicating that cilia-driven propulsion in the VAS
trachea is intact (Figures 6A-D). Conversely, the beads exposed to VAD tracheas (Figures
6E-H) were propelled with a significant reduction in velocity (Figure 61, p < 0.00001),
directionality, and distance traveled (Figure 6J) of fluorescent microspheres over the same

period of time, indicating ciliary dysfunction in the VAD airway.
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IHC expression of secretory epithelial cell marker CC10, the protein product of the
transcript Scgblal normally expressed within the secretory granules of club cells, is
normally located at the apical portion of the cytoplasm (Figure 6K). CC10 apical protein
expression was significantly reduced in the hyperplastic region of the VAD airway (Figure
6L). Likewise, apical ciliary marker TUBB4A, a protein normally expressed in the cilia of
CCs (Figure 6M), was also found reduced or absent in regions of the VAD airway (Figure
6N).78169-170 These findings confirm that dietary VAD leads to epithelial remodeling
characterized by a loss of apical protein expression of both major cell types and ciliary

dysfunction in the intraparenchymal airways, leading to a breakdown in MCC.
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Figure 6. VAD leads to a loss of MCC.

(A-H) Composite images of fluorescent microsphere motility in the trachea of VAS and
VAD lungs from a cross-sectional (A-B, E-F) and anterior (C-D, G-H) view at 20x
magnification. (1-J) Fluorescent microsphere velocity (1) and overall distance traveled (J)
in VAS and VAD lungs, p < 0.00001, t-value = 17.70024. (K-N) Immunohistochemical
staining of airway epithelium. Secretory cells were visualized using CC10 while (CCs)
were visualized using both nuclear FOXJ1 and cilia-specific TUBB4A. Yellow arrows
indicate regions of reduced expression of the apical proteins CC10 and TUBB4A. White
arrow points to a region of focal hyperplasia.
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VAD leads to a loss of cell polarity in the airways

The major mechanism responsible for MCC maintenance through
apical/basal protein segregation in the airway epithelium is planar cell polarity (PCP).82-83
PCP is a two-phase process in the lung. The first phase establishes polarity along the tissue
axis via PCP complex-mediated cell-cell communication. During phase two, CCs remodel
their cytoskeletal structure to orient their cilia towards the airway. The cilia polarizing step
not only polarizes the CCs but the entire epithelium.t’* Therefore, a loss of polarity in the
intraparenchymal airway epithelium of VAD lungs also leads to a loss of barrier integrity
and cell division orientation. Importantly, loss of polarity is a known hallmark of epithelial
metaplasia and cancer, and previous reports have identified that the disruption of the apical-
basal polarity precedes hyperplasia and epithelial stratification in mouse lung and breast

cancer models.1%173

The loss of the apical regionalization of CC10 in the VAD airway epithelium is
highly suggestive of PCP loss. To determine whether these changes represent a loss of
polarity in the airway, paraffin-embedded tissues were fluorescently stained for expression
of Keratin 8 - a marker for cytoskeletal keratin expression in epithelial cells — as well as
apical-localized Crumbs and basolateral-localized Scribble (Figures 7A-D). While
Scribble expression was largely consistent between the two diets, increased Crumbs
expression was observed at hyperplastic loci of the proximal airways (Figures 7E-F) while
a reduction or dysregulation of Crumbs expression was observed in the distal airways

(Figures 7G-H) of VAD lungs.
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Changes in Crumbs expression provide strong evidence that VAD interrupts cell
polarity mechanisms in the airway. Based on this data and considering the role CCs play
in establishing polarity in the airway, we hypothesize that CCs are one of the primary host
cells affected by dietary VAD status. Once cilia function is affected, the lung can no longer
clear pathogens and pollutants effectively, potentially leading to infections and disease. It
is still unclear whether the observed changes in epithelial morphology are mediated by

local or distal signals (e.g., via the gut-lung axis).
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Figure 7. VAD alters expression of cell polarity complexes in the distal airway.

Immunofluorescent staining of the VAS (A-D) and VAD (E-H) airways at 8 weeks taken
at 20x (A-B, E-F) and 60x (C-D, G-H) magnification. Epithelial cytoskeletons were
visualized using Keratin 8, apical and basolateral protein complexes were visualized using
Crumbs and Scribble respectively. The yellow arrow points to a region of increased
Crumbs expression in the large airway. White arrows indicate reduced Crumbs expression
in the small airway. Scale bars = 50 um (A-B, E-F) and 20 um (C-D, G-H) respectively.



50

VAD-induced epithelial remodeling is caused by localized RAD

To create a lung epithelium-specific RAD mouse model, we crossed male C57B/6J
mice carrying a copy of a tamoxifen-inducible cre recombinase knocked into the lung
epithelium-specific Nkx2.1 promoter (Nkx2.1 iCre ERT2) to female C57B/6J mice
homozygous for a loxP-flanked STOP codon upstream of a dominant-negative retinoic
acid receptor gene in the R26 locus (flox-flox dnRAR R26) (Figure 8A). Administering
tamoxifen to Cre-positive mice homozygous for floxflox dnRAR R26 for five days created
mice whose RAR-mediated signaling is knocked down specifically in the lung epithelium.
Tamoxifen-injected Cre-negative littermates were used as control. By only comparing Cre-
positive and Cre-negative littermates, this model allows us to simultaneously control for
diet, age, sex, batch, and cage effects. Lungs were harvested 8 weeks after tamoxifen

injections.

The airways of tamoxifen-injected, Cre-positive mice exhibited a phenotype similar
to the dietary VAD models, including focal regions of epithelial hyperplasia and the loss
of TUBBA4A expression at the apical surface of the airway epithelium (Figures 8B-E, data
not shown). Since the dietary and the genetic models both exhibited similar morphologic
and molecular changes, there is strong evidence to suggest that these changes are due to
the direct effect of vitamin A/RA deficiency on airway epithelium and are independent of
distant signals such as the gut-lung axis. We conclude that RA signaling in the lung

epithelium is required for proper ciliary function, epithelial integrity, and MCC.
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Figure 8. Localized RAD leads to remodeling in the proximal and distal lung.

(A) Generation of a genetic mouse model to inducibly knock down RA signaling in the
lung epithelium. Image created using BioRender. (B-E) H&E staining of the proximal
airway and distal airspace in Cre-negative (B,D) and Cre-positive (C,E) mouse lungs.
Black scale bars = 50 um magnification. Black arrows indicate regions of hyperplasia.
Green arrows indicate alveolar enlargement and thickening near small airway passages.
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CHAPTER TWO: VAD LEADS TO MICROBIAL DYSBIOSIS AND
BACTERIAL COLONIZATION
Sequencing depth and quality scores of RNAseq data

To date, there have been few longitudinal studies focusing on compositional
changes to the lung microbiome over the course of a disease, and even fewer that have
identified how diet directly affects lung health over time. Longitudinal microbiome data
from humans also tend to contain large batch effects due to the variability in cohorts,
geographic location, extraction techniques, patient involvement, and environmental
exposures.t’

Our lab decided to use our dietary mouse model to create a pseudo-longitudinal
study of lung microbiome changes in a VAD setting by collecting whole lung samples at
the 3-week and 8-week timepoints for host and microbiome RNA sequencing. After
trimming and aligning, we filtered low abundance sequences from VAS and VAD cohorts
using SingleCelltoolkit.1”> Reads that aligned to both mouse and human indices were
discarded as potential contamination in the samples. Microbiome reads were then checked
for quality prior to data analysis (Figure 9, Table 2).

All samples submitted for sequencing received a secondary QC check by the
BUMSR Core Facility. All RNA samples received a 260/280 score of 2.01-2.11,

confirming the samples were of the highest quality and purity.

Run 1 Sequencing Summary | All Reads in Millions
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Sample Name Total Reads Obtained (M) Metric |Reads (M)
1VAD 3wk 155.06| | Minimum 121.70
1VAS_3wk 121.70| | Maximum 155,06
2VAD_3wk 136.18| | Mean 136.32
2VAS_3wk 136.24| | Total 1090.52
3VAD 3wk 138.93
3VAS 3wk 136.77
4VAD 3wk 135.89
4VAS 3wk 129.75
Run 2 Sequencing All Reads in
Summary Millions

Reads Obtained | Reads Obtained| Total Reads Reads
Sample Name P2 Run (M) P3 Run (M) | Obtained (M) Metric (M)

VAS1 3wk 17.76 49.86 67.62| | Minimum 60.70
VAS2_3wk 17.71 49.56 67.27| | Maximum 86.86
VAS3_3wk 15.67 45.03 60.70| | Mean 73.97
VAS4 3wk 21.48 57.79 79.28| | Total 1775.21
VAS5 3wk 20.47 54.24 74.71
VAD1 3wk 18.80 49.41 68.21
VAD2_3wk 16.18 46.50 62.67
VAD3_3wk 21.88 55.47 77.35
VAD4_3wk 16.47 45.36 61.83
VADS5 3wk 17.55 49.17 66.72
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VAS2_8wk 18.44 49.34 67.78
VAS3_8wk 21.80 55.78 77.58
VAS4-8WK 23.20 57.56 80.76
VAS5-8WK 25.37 60.77 86.14
VAS7-8WK 20.04 55.84 75.87
VAS9-8WK 25.98 60.88 86.86
VAS10-8WK 19.34 50.81 70.15
VAD2-8WK 22.35 55.97 78.33
VAD3-8WK 23.03 57.61 80.64
VAD4-8WK 21.07 53.40 74.47
VAD5-8WK 19.67 54.70 74.37
VAD7-8WK 23.42 57.08 80.49
VADS8_8wk 21.94 55.37 77.31
VAD10_8wk 23.68 54.41 78.09

Table 1. Total RNA sequencing Bioanalyzer read counts per sample.

Metric Value
Number of Samples 32
Number of Genes 15678
Average number of reads per sample 37929725
Average number of genes per sample 15654
Samples with <1700 detected genes 0

Genes with no expression across all samples | 0

Table 2. Microbiome RNA sequencing yield and read quality.
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Figure 9. Quality and depth of RNA sequencing data.

RNA sequencing depth and genes detected per sample (n = 32). (A-B) Bar plots of the (A)
number of reads per sample in millions and the (B) number of genes detected per sample
in tens of thousands. (C) The logarithmic curve of read counts versus the number of genes
detected per log10 read count.
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VAD leads to microbial dysbiosis in the LRT
VAD alters alpha and beta diversity after 8 weeks

Alpha diversity, or the measurement of diversity within samples (Figure 10A),*"®
was performed on bacterial read counts at the phylum level using the Mann-
Whitney/Kruskal-Wallis statistical test. VAD samples exhibited a near-significant increase
in alpha diversity compared to controls (p = 0.072), indicating an increase in the diversity
of bacterial communities found within VAD lung samples. Beta diversity, or the
measurement of diversity between samples,*’” was performed on bacterial transcripts using
the Bray-Curtis dissimilarity index (Figure 10B) and showed VAS and VAD cohorts
clustered separately with a p-value of 0.01. These results provide evidence of a statistically
significant shift in bacterial composition in VAD lungs at 8 weeks.

VAD-induced dysbiosis alters the relative abundance of bacteria and fungi

To see if the observed shift in bacterial composition translated to an increase in
bacterial gene expression, we quantified the 16S ribosomal RNA (rRNA) expression within
VAS and VAD lungs using RT-PCR. 16S rRNA is a sequence found in all bacteria and is
commonly measured as a gold standard for determining bacterial burden.!’® Briefly, RT-
PCR is a method of quantifying the number of sequence copies within a sample. By
amplifying the bacterial 16S rRNA within each sample, we are able to quantify the total
bacterial content and calculate the bacterial load within a group of samples.*’”® RT-PCR
results from whole lung homogenates (h = 8) did not show a significant change in bacterial
burden (p = 0.42, Figure 10C) between VAS and VAD lungs, but these findings do not

identify functional shifts in the VAD lung microbiome over time.
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Today, microbiome researchers often calculate the relative abundance of microbes
within a host tissue instead of actual abundance, as these values can be more functionally
relevant to predict dysbiosis and disease progression over time; parametric models like
DESeg2 use negative binomial distributions applied to normalized data to minimize hidden
confounding factors from sample fractions.'® By applying DESeq2 with false discovery
rate (FDR) correction to our Log-transformed RNA read counts at 8 weeks (n = 14), we
determined that both bacteria and fungi exhibited significant shifts in relative abundance
(p = 0.025 and 0.020 respectively, Figure 10D). Specifically, we observed a relative
decrease in fungi and a relative increase in bacteria at 8 weeks. These findings could
indicate the presence of a polymicrobial crosstalk between fungi and bacteria that is
modified in a VAD context.

It is worth noting that we were unable to measure alpha and beta diversity in the
fungi because there were only two major phyla extracted from all 32 samples, which are

too few to perform the calculation.
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Figure 10. VAD alters the microbial composition of the LRT.

(A) Alpha diversity barplot of bacterial transcripts at the phylum level from VAS and VAD
lungs at 8 weeks using Mann-Whitney/Kruskal-Wallis statistical method, p = 0.07 (n = 14).
(B) Beta diversity expressed by principal coordinate analysis (PCoA) plot of bacterial
transcripts at 8 weeks using the Bray-Curtis dissimilarity index and PERMANOVA
statistical method, p = 0.01. (C) RT-PCR violin plot of 16S rRNA expression represented
by CT Average (y-axis, “CT” = cycle threshold, n = 8) and (D) RNAseq boxplots (n = 14)
of bacterial and fungal relative abundance in VAS and VAD lungs, p = 0.025 and 0.020
respectively.
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Stepwise changes in microbial gene expression suggest QS in VAD lungs

Although the relative bacterial burden increased in VAD lungs over time (Figure
11A), major shifts in bacterial composition were not evident until week 8 at the phylum
level (Figure 11B) (p = 0.0255).18 Meanwhile, the relative abundance of Ascomycota - a
fungal phylum known to be beneficial for human health - plummeted as early as week 3
and maintained the same level of relative abundance at week 8 (Figure 11C) (p =
0.0203).182-184

To determine the functional relevance of the compositional changes in VAD lungs
over time, the bacterial meta database BacDive was used to annotate the RNA read counts
of whole lung samples collected at 3 weeks and 8 weeks (n = 32).18° BacDive compiles
strain-level research data from culture collection databases and primary literature to
provide taxonomic classifications for over 90% of defined bacterial species. BacDive
taxonomic classifications like antibiotic resistance are sourced from the Chemical Entities
of Biological Interest database.'® VAS samples at 3 weeks and 8 weeks were combined to
represent the control lung cohort (n = 16), and any differences in the relative abundance of
VAS microbes between these two time points at the phylum level were insignificant (data
not shown). Combined VAS samples will serve as time 0 in our quasi-longitudinal analysis,
while VAD samples reflect changes after 3 weeks and 8 weeks of dietary VAD. We also
classify “low abundance bacteria” as bacteria with less than 1% relative abundance in our
VAS cohort (“Other” in Figure 11B).

The relative abundance of bacteria classified as antibiotic-resistant is largely

depleted at week 8 (Figure 11D). This change in bacterial composition could be due to the
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increased relative proportion of rare and low-abundant bacteria in VAD lungs that have yet
to be classified as functionally relevant to human health (Figure 11B). Another possibility
is that microbes with known antibiotic-resistant potential may become transcriptionally
quiescent in the VAD lung, a QS-mediated mechanism commonly associated with stress
response and biofilm formation,87-188

Aerobic bacteria were overabundant at the 8-week timepoint in the VAD lung
(Figure 11E, outer ring). Since vitamin A is an antioxidant,'8° these results suggest chronic
VAD may lead to an increase in oxidative stress within the lung, which in turn could lead
to the preferential selection of oxygen-tolerant microbes. We also observed an increase in
the relative abundance of gram-negative bacteria compared to gram-positive (GP) bacteria
in VAD lungs at 8 weeks. As mentioned previously, changes in microbial transcription are
often regulated by the QS signaling mechanism.® A reduction in transcriptional activity
could suggest selective enrichment of gram-negative bacteria, transcriptional quiescence

of gram-positive bacteria, or a combination of the two (Figure 11F).
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Figure 11. Changes in bacterial and fungal gene expression implicate QS mechanisms.

(A-C) Relative abundance barplots of Bacteria and Fungi in VAS (n = 18) and VAD lungs
at 3 weeks (n = 9) and 8 weeks (n = 7) at the phylum level. Y-axis represents the overall
microbial abundance where 1.0 = 100% of RNA transcripts. All bacteria with less than 1%
abundance in VAS lungs were grouped into ‘Other’. (D) Stacked proportion chart showing
changes in relative abundance of antibiotic-resistant (ABR™) and non-antibiotic-resistant
(ABR") bacteria in VAD lungs over time (n = 32). (E) Stacked doughnut abundance plots
of bacterial oxygen tolerance in VAS (inner ring), VAD at week 3 (middle ring) and VAD
at week 8 (outer ring) lungs. Listed percentages represent proportions of bacteria by oxygen
tolerance in VAS (left), 3 week VAD (middle), and 8 week VAD (right) lungs. (F) Stacked
bar chart showing actual abundance of gram-positive and gram-negative bacterial
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transcripts at 8 weeks (n = 14). Classifications of antibiotic resistance (D), oxygen tolerance
(E), and gram status (F) were manually annotated from BacDive.



64

Microbial classification and gene signature analysis indicate early dysbiosis and an
increase in low-abundant microbes in VAD lungs

To determine how VAD-induced lung dysbiosis influences the localization and
colonization of bacteria within the LRT, we analyzed our 8-week RNAseq samples using
MicrobiomeAnalyst!®!, a metacoder analysis package used to depict taxonomic differences
between the VAS and VAD microbial communities.’®> Our data shows that
Pseudomonadota and Deinococcota are predominantly found in the VAD lung (Figure
12A, blue), two phyla known for their pathogenic and extremophilic potential .1%3-1%
Extemophilic microbes can survive in some of the harshest conditions such as starvation,
extreme temperatures, and radiation.*® In fact, Deinococcota is known for being able to
synthesize its own carotenoids such as deinoxanthin, aiding its survival during hostile and
nutrient-depleted circumstances.*%*

Our analysis also revealed that VAD lungs are more enriched with
Gammaproteobacteria, the class of bacteria known to include many common gram-
negative lung “pathogens” in humans (Figure 12A).1%1% Gammaproteobacteria are
capable of using inflammatory byproducts such as reactive oxygen and nitrogen species as
nutrients to survive in harsh environments.!®-22 |n addition, Gammaproteobacteria are
known to produce molecules that promote a cyclical inflammatory processes in the host,?%
leading to chronic infection.

On the other hand, the commensal Bacillota phylum is predominantly expressed in

the VAS lung (Figure 12A, red), suggesting that chronic VAD leads to a reduction in the
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relative abundance of commensal bacteria at the phylum level and favors bacterial
population with higher pathogenic potential.

The diversity and composition of fungi in VAD lungs were also altered at 8 weeks
(Figures 11C, 12B), although more data is needed to fully characterize why Ascomycota
transcriptional activity is nearly ablated in VAD lungs and maintains inactivity at 8 weeks
(Figure 11C). It’s also important to note these findings on relative abundance represent
the functional activity of the lung microbiome more so than absolute microbial counts and
can be equally indicative of functional changes fungi and other microbes may employ to
preserve resources and become metabolically inactive.®

To analyze microbiome data at the genus level, we used the BatchQC*° Shiny App
R package to correct our raw read counts for unidentified batch and covariate effects that
could skew our results. Using the app, we first normalized the genus-level log-transformed
read counts using DESeq2,'® followed by Limma®?® for differential expression analysis
(Figure 12C, Table 3). Our volcano plot depicts the p-value (x-axis) and significance value
(y-axis) for the compositional changes of each genus in VAS and VAD lungs at 8 weeks.

Of the six microbes that met the significance threshold, Saprochaete from the
Ascomycota phylum was the only fungi significantly altered (green dot). We also observed
an increase in Methylobacterium expression from the Pseudamonadota phylum, a species
known for healthcare-associated infections.?** Additionally, VAD led to an increase in
transcriptional activity of low-abundant microbes as well as pathobionts such as

Planctomycetes at 8 weeks (Figure 12D),*8! confirming that VAD alters microbial
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composition and transcriptional activity in both fungal and bacterial communities in the

airway.

GENUS LOG:FC P-VALUE

Saprochaete -5.98601 | 0.002504

Cognaticolwellia -2.90527 | 0.024646

Pseudoruegeria -1.24726 | 0.026923

Methylobacterium | 0.789777 | 0.026969

Tepidiphilus -2.75174 | 0.028844

Nitratireductor -2.75155 | 0.02885

Wickerhamomyces | -2.61494 | 0.033349

Borrelia -2.21635 | 0.052371
Herbaspirillum 0.69555 | 0.0642
Microbacterium -0.75251 | 0.072397

Table 3. Differential gene expression of microbes at the genus level.
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Figure 12. VAD encourages an increase in low-abundant, potentially more pathogenic
microbes in the airway.

(A) Heat tree of bacterial operational taxonomic unit (OTU) median ratios and (B) fungal
relative abundance at the genus level calculated using the Metacoder app in
MicrobiomeAnalyst. Blue = enriched in VAD lungs (p < 0.05). Red = enriched in VAS
lungs (p < 0.05). (C) Volcano plot of microbes at the phylum level differentially expressed
in VAD lungs using BatchQC version 1.99.02 on RStudio version 4.3.1. (D) Pie charts of
bacteria and fungi taxonomic abundance after 3 weeks and 8 weeks of dietary modulation
at the phylum level.
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VAD encourages bacterial colonization in the LRT

While changes in gene expression can indicate changes in microbial abundance,
significant alterations in gene expression within a particular taxa can also indicate a
functional shift from a planktonic or non-adherent state to a sessile or adherent state
(Ilustration 3).2% To determine whether the VAD-induced dysbiosis translates to changes
in lung colonization patterns, we analyzed bacterial Gram stains of the mouse airway after
8 weeks of dietary modulation (Figures 13A-H). We observed 3-dimensional biofilm-like
structures containing gram-positive bacteria in VAD lungs (Figures 13C-D, black arrows).
Importantly, there were biofilm-like structures found in VAS lungs as well, but the size
and quantity were fewer compared to VAD lungs (Figure 131, histology data not shown).
We also observed a large cohort of planktonic gram-negative bacteria along the VAD
airway epithelium with no visible signs of colonization (Figure 13D, green arrows),
although more evidence is needed to make that determination. These results indicate that
gram-positive bacteria may have a distinct VAD-associated stress response in the lung that
differs from gram-negative bacteria.

VAD reprograms gram-positive bacteria to invade and colonize the airway

To determine causality in relation to lung-microbe interactions, we wanted to
investigate whether the microbiome can rescue or exacerbate the VAD and VAS lung
phenotypes respectively. To that end, we extracted the lung microbiome from mice
maintained on diets for 8 weeks and administered daily IT instillations of filtered BALS
from VAS and VAD lungs into VAD and VAS mouse lungs respectively for 3 weeks

(Supplemental Figure 3). It is important to note that while our extraction technique
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removed larger host and immune cells, signaling molecules and immune cells smaller than
10um such as leukocytes could not be removed from the samples using our extraction and
IT protocol.?%® Therefore, our daily MTs contained the microbes and smaller signaling
molecules found within the airway of the LRT.

Interestingly, early signs of invasion and colonization by gram-positive bacteria
were observed in VAS lungs exposed to VAD microbial transplants for 3 weeks (VAS +
VADMT,; Figures 13E-F). VAD lungs receiving VAS microbial transplants also showed
evidence of biofilm formation (VAD + VASMT; Figures 13G-H), although these structures
may have persisted from the 8-week time point when the IT MTs began. While further
validation with more repeats and saline-injected controls are still needed, these preliminary
results provide evidence that dietary VAD reprograms the GP bacterial consortium to
enable invasion and colonization in an otherwise healthy lung with an intact immune
system. These findings provide further evidence that VAD provides a permissive niche for
infection in the LRT of adult mouse lungs.

The VAD microbiome may be involved in PRR and disease pathway activation in
the lung

An increase in gram-positive colony-forming units (CFUs) and expression of
TLRs, some of the most common PRRs in epithelial cells (Figures 13I-J), was observed in
VAD lungs. The most significant increases were observed in TLR5, TLR6, TLR7, and
TLR11 gene expression. TLR5 senses flagellin, the major protein in bacterial flagella.?’’
TLR5 also creates a complex with TLR4 to promote lung injury-associated MyD88-

dependent signaling.?® Likewise, TLR11 stimulation is also known to initiate the MyD88-
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dependent immune pathway through bacterial sensing.?®® TLR6 creates a complex with
TLR2 to regulate the innate immune response to gram-positive bacteria and fungi in the
lung while TLR7 is involved in viral sensing and metabolic processing.?10-211

Reactome disease pathway analysis showed TLR5-mediated bacterial flagellin
sensing was down-regulated (Supplemental Figure 4) despite an increase in gene
expression. TLR5 signaling is critical for orchestrating the mucosal immune response in
the airway and is often seen down-regulated in smokers with COPD.?*2 Therefore, our data
provides strong evidence that VAD causes a disruption in TLR-mediated immune
signaling, leading to an inflammatory response.

We also performed Microbe-Disease enrichment analysis using the
MicrobiomeProfiler R/Shiny package (Figure 13K).?'® Using the top 20 Gene Ontology
(GO) terms generated from our microbiome dataset, the most enriched host disease
pathways from our VAD microbiome gene signature were associated with cancer, cell
cycle progression, proliferation, and infection. Importantly, our host RNAseq pathway
analysis (Figure 2) also indicated these same processes, suggesting host-microbe
interactions may be an integral component of regulating cell cycle, differentiation, and

tumorigenesis in the lung.
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Figure 13. VAD encourages bacterial colonization and biofilm formation in the
airway.

(A-H) Bacterial (Gram) staining of VAS (A,B) and VAD (C,D) lungs at week 8. Mice
maintained on VAS and VAD diets for 8 weeks were given daily ITinstillation for 3 weeks
with BALF from mice maintained on the opposite diet (E-H). VADMT = vitamin A
deficient microbial transplant. VASMT = vitamin A sufficient microbial transplant. Black
arrows indicate 3-dimensional structures containing gram-positive bacteria. Green arrows
indicate planktonic or non-colonizing bacteria. Insets within A, C, E, and G show the
region within the whole lung where the photos were taken. Figures B, D, F, and H are
magnified photos of A, C, E, and G, respectively. (1) The average CFU of gram-positive
(GP) bacteria found on each whole tissue slide scan, n = 2 for 3 weeks, n = 4 for 8 weeks,
p-values = 0.42264973 and 0.002022368 respectively. (J) TLR gene expression in VAS
and VAD lungs at 8 weeks, * = p < 0.05. (K) The top 20 ranked GO terms from KEGG
pathway analysis with Bonferroni correction from VAS and VAD lungs. Figure generated
using Microbiome Profiler version 1.0.0 and SingleCell Toolkit version 1.9.1 on RStudio
version 4.1.1. ‘Gene ratio’ is the percentage of total DEGs in the given GO term. ‘Count’
is the number of genes enriched in a GO term.
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Note that at the time of submission, parts of the following section were under review at
Science Translational Medicine. They were also available as a preprint at BioRxiv:
https://doi.org/10.1101/2024.06.21.600110
DISCUSSION

Many papers have uncovered links between nutritional status of humans and the
onset of lung cancer and disease, but there are currently no published studies indicating
dietary VAD acts directly on the lung microbiome, nor is there evidence of host-microbe
interactions in the lung that are influenced by host vitamin A status. This report is the first
to characterize the functional interactions between vitamin A metabolites, the lung, and the
lung microbiome. We found that VAD leads to epithelial remodeling, epithelial
denudation, a loss of apical protein expression in the airway epithelium, focal hyperplasia,
and a breakdown of MCC. These changes illustrate a form of lung injury that is similar to
diseases found in humans, although few have looked into the role diet plays in lung disease.

Considering serum retinol levels are not reflective of the RA bioavailability in the
lung,® our lab aimed to determine whether VAD-induced epithelial remodeling is a local
phenomenon. Despite sufficient vitamin A supplied through diet, our Cre-positive mouse
model exhibited similar remodeling to our diet model 8 weeks after treatment, confirming
the lung epithelium requires RAR activation to maintain lung homeostasis.

Gene sets associated with cilia assembly and trafficking were the most enriched
pathways associated with VAD status, suggesting that ciliary dysfunction and a loss of
epithelial integrity may occur within the VAD lung. Ciliary dysfunction leads to MCC

impairment, one of the first defense mechanisms to prevent microbial residence or infection
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in the lung.® Ciliary dysfunction is commonly found in patients with primary ciliary
dyskinesia and cystic fibrosis (CF), but it can also be observed in patients with lung
infection, al-antitrypsin deficiency (AATD), COPD, and asthma.®® While research has
uncovered evidence suggesting diet influences the severity and progression of pulmonary
diseases, the exact mechanisms that determine prognosis in these patients remain largely
unknown.

Luckily, the function and structure of cilia-related proteins responsible for proper
motility and MCC are evolutionarily conserved and can be easily studied in relation to the
human lung using a mouse model.®* Based on our findings, we propose that chronic VAD
predisposes adult mouse lungs to microbial colonization and respiratory infections over
time. We hypothesize that CCs are one of the host cells affected by dietary VAD status
within the lung. Once ciliary function is affected, the lung can no longer clear pathogens
and pollutants effectively.

Microbial dysbiosis leads to increased inflammation, infections, and disease in the
human lung.” For instance, significant alterations in the abundance of Pseudamonadota
was observed in patients during COPD exacerbations.”* Our work provides evidence that
dietary vitamin A is important for a healthy lung, while VAD alters the lung epithelium
and the microenvironment to create a permissive niche for pathogenic outgrowth and
biofilm formation.

Metatranscriptomic analysis showed a reduction in fungal abundance and an
increase in relative bacterial abundance in VAD lungs at week 8, primarily consisting of

gram-negative bacteria. Histological staining supported these findings, while also
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providing evidence of a VA-mediated mechanism that triggers colonization in gram-
positive but not gram-negative bacteria, suggesting that vitamin A may be involved in
gram-specific QS mechanisms. Transcriptional data confirms changes in fungal
composition precede measurable changes to the bacterial consortium in VAD lungs,
suggesting that VA-mediated QS mechanisms in the LRT are likely polymicrobial in
nature.

Of note, our results are consistent with human studies where bacteria undergo a
functional change towards colonization and oral biofilm formation; researchers
investigating the development of dental plaque following a meal observed a reduction in
the relative abundance of gram-positive bacteria in late biofilm samples, with different
molecular pathways activated between early and late biofilm formation.” Specifically,
KEGG analysis of late biofilm transcripts were enriched for pathways involved in cellular
transport, cell motility including pilus and flagella assembly, and DNA/mismatch repair,
the same pathways enriched in our mouse dataset (Figures 5A-B, other data not shown).
These findings support the hypothesis that chronic VAD shifts the microbial composition
of the LRT towards dysbiosis and early pathogenesis. This shift is evidenced by a reduction
in the relative abundance of Ascomycota and gram-positive bacteria, as well as an increase
in the relative abundance of CFUs and oxygen-tolerant microbes more broadly,
predisposing the VAD lung to infectious and inflammatory diseases.

While our MT data provides evidence that bacteria from the VAD airway are prone
to epithelial injury by adherence, colonization, and invasion, it is difficult to make

determinations without identifying the strains present within these microbes. Future studies
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aimed towards isolating bacteria from VAD lungs would allow us to perform species- or
strain-level identification, absolute abundance counts, and analysis of the formation and
maturation of the extracellular matrix (ECM) over time.

A promising future direction of this work towards detection of respiratory infection
is the observed fungal sensitivity to host vitamin A status. Ascomycota, the most abundant
fungal phylum found in humans worldwide, dramatically reduced transcriptional activity
at our earliest time point in VAD lungs; this change in transcription preceded the
hyperplasia and the bacterial biofilm formation. Therefore, future studies investigating the
effect of vitamin A status on the lung mycobiome may uncover useful and sensitive
biomarkers for early detection of airway maladaptive repair and infection in malnourished

patients.
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APPENDIX

Female VAD + VAS Male VAD + VAS

Supplemental Figure 1. Vitamin A supplementation does not repair the epithelial
remodeling in VAD lungs.

Adult wild-type C57B/J6 mice were maintained on VAD diets for 8 weeks followed by a
normal chow diet for 12 weeks. Whole lungs were extracted and stained with H&E for
morphological analysis. Scale bars = 50 pm magnification. Black arrows indicate regions
of hyperplasia.
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Supplemental Figure 2. Experimental design of the ciliary motility assay.

Illustration created using BioRender.
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Supplemental Figure 3. Experimental design of the microbial transplant
experiment.

Illustration created using BioRender.
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