University of South Carolina

Scholar Commons

Theses and Dissertations

Fall 2021

The Immune Modulatory Role of Endocannabinoid Anandamide to
Suppress Inflammation Through Regulation of Microrna and
Microbiome

Muthanna Ali Sultan

Follow this and additional works at: https://scholarcommons.sc.edu/etd

6‘ Part of the Biomedical Engineering and Bioengineering Commons

Recommended Citation

Sultan, M. A.(2021). The Immune Modulatory Role of Endocannabinoid Anandamide to Suppress
Inflammation Through Regulation of Microrna and Microbiome. (Doctoral dissertation). Retrieved from
https://scholarcommons.sc.edu/etd/6604

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please
contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/etd
https://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F6604&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/229?utm_source=scholarcommons.sc.edu%2Fetd%2F6604&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarcommons.sc.edu/etd/6604?utm_source=scholarcommons.sc.edu%2Fetd%2F6604&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digres@mailbox.sc.edu

THE IMMUNE MODULATORY ROLE OF ENDOCANNABINOID
ANANDAMIDE TO SUPPRESS INFLAMMATION THROUGH
REGULATION OF MICRORNA AND MICROBIOME

by
Muthanna Ali Sultan

Bachelor of Veterinary Medicine and Surgery
University of Mosul Irag, 2005

Master of Science in Veterinary Public Health
University of Mosul Irag, 2007

Submitted in Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy in
Biomedical Science
School of Medicine
University of South Carolina
2021
Accepted by:

Mitzi Nagarkatti, Major Professor
Prakash Nagarkatti, Major Professor
Susan Lessner, Committee Member
Brandon Busbee, Committee Member
Ehsan Jabberzadeh, Committee Member

Tracey L. Weldon, Interim Vice Provost and Dean of the Graduate School



© Copyright by Muthanna Ali Sultan, 2021
All Rights Reserved.



DEDICATION

This work is dedicated to everyone who has helped me throughout my life,
particularly my colleagues who shared this journey with me. | want to also dedicate this
work to all my family and friends for offering their much-appreciated love and support. |
first extend a deep heartfelt thank you to my father and my mother who always
encouraged me to reach for the stars, and made me believe that | could be anything |

wanted to be, as long as | worked hard towards my goals.



ACKNOWLEDGMENTS

| would like to thank my mentors, Dr. Mitzi Nagarkatti and Dr. Prakash
Nagarkatti, for their tremendous support and leadership. | want to thank my committee
members, Dr. Brandon Busbee, Dr. Susan Lessner, and Dr. Ehsan Jabberzadeh for their
guidance and support. | would like to thank my dear country, Irag, for all support during
my entire life. Importantly, | would like to thank all my family members in Iraq
including my father, mother, brothers, and sisters who spiritually supported me
throughout my years of study. Thanks for all your prayers and wishes. Many people have
helped me throughout my journey at the University of South Carolina, and even though |

cannot mention all their names due to space, |1 am grateful for all that they have done!



ABSTRACT

Cannabinoids are group of compounds that exert their anti-inflammatory action
through activation of cannabinoid 1 receptor (CB1) and cannabinoid receptor 2 (CB2), as
well as other minor receptors. In the current study, we investigated the effect of
anandamide (AEA) on Acute Respiratory Distress Syndrome (ARDS) induced by
exposure to Staphylococcus enterotoxin B (SEB) intranasally. We found that C57BL/6
mice treated with AEA showed improvement in the clinical functions of the lungs,
accompanied by a decrease in the infiltration of inflammatory cells in the lung tissue, and
a decrease in the secretion of pro-inflammatory cytokines. Furthermore, AEA regulated
the miRNA profile of the mononuclear cells in the lungs leading to significant
downregulation of miRNA-23a-3p which led to upregulation of Arginase 1 (Argl) and
Transforming Growth Factor-beta 2 (TGFB2), which are markers of Myeloid Derived
Suppressor Cells (MDSCs) and T regulatory cells (Tregs), respectively. Another miRNA
that was downregulated after AEA treatment was miRNA-34a-5p which led to induction
of FOXP3, a defining transcription factor for Tregs. All the miRNA markers and their
target genes were validated by quantitative RT-PCR (RT-qPCR). Additionally, flow
cytometry data indicated that AEA caused a decrease in CD4+T cells, CD8+T cells,
VI8+ T cells, and natural killerT cells (NKT) in ARDS mice. On the other hand, AEA

caused induction of MDSCs, Tregs (CD4+FOXP3+), and type 1 regulatory T cells (Trl)



(CD4+1L10+) subpopulations. Additionally, proliferation assays demonstrated that AEA-
induced MDSCs were indeed highly immunosuppressive and blocked T cell proliferation
in vitro.

Next, we investigated whether AEA attenuated ARDS through modulation of the
microbiome profile in the Gut-Lung Axis (GLA) in mice treated with SEB. AEA caused
a decrease in the leakage of the gut and lungs, and decreased pathology in these organs
based on histopathological analysis. Furthermore, data obtained from flow cytometry
demonstrated that T cell subsets in the mesenteric lymph nodes (MLN) including CD4+
T cells, CD8+ T cells, Vp8+ T cells, and NK+ T cells were significantly decreased in the
AEA treated mice, when compared to SEB+VEH-treated mice.

In addition, single cell RNA sequencing (sc-RNAseq) of the cells derived from
the lungs demonstrated upregulation of the gene expression of antimicrobial peptides
(AMPs) in the lung epithelial cells including tracheal anti-microbial peptide 1 and 2
(TAP1,TAP2), lysozyme 2 (LYZ2), murine beta defensin 2 (MBD2) , and serum protease
leukocyte inhibitor (SLPI), as well as tight junction proteins including claudin 1
(CLDN1) and cadherin 1 (CDH1), which were all significantly increased post-AEA
treatment. Also, gene expression was validated by performing gRT-PCR. These data
suggested that AEA was inducing the AMPs to kill pathogenic bacteria as well as
stabilizing the epithelial cell functions disrupted by SEB.

Furthermore, we investigated the nature of microbial dysbiosis in the Gut-Lung
Axis. The results obtained from 16S rRNA sequencing on the MiSeq platform
demonstrated significant changes in the microbiome of the gut and lungs in the AEA-

treated group of mice when compared to the disease controls treated with vehicle
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(SEB+VEH). Also, upon analysis using both Nephele and linear discrimination analysis
(LDA), there was an increase in butyrate-producing bacteria such as S-247 in both the gut
and the lungs and Lachnospiraceae in the lungs. In addition, we observed that short chain
fatty acids (SCFAs), especially butyrate, valeric acid, and isovaleric acid, were
significantly increased in the AEA-treated group mice, when compared to SEB+VEH-
treated group. Lastly, direct treatment of mice with butyrate led to attenuation of SEB-
mediated ARDS, improved the clinical lung respiratory functions, and decreased the
infiltration of the inflammatory cells.

Together, these studies demonstrate for the first time that endogenous
cannabinoids play a critical role in suppressing cytokine storm and ARDS. These studies
are highly significant considering that ARDS is difficult to treat as seen in COVID-19
patients with ARDS and thus, direct use of endocannabinoids or increasing their levels in
vivo with agents such as fatty acid amide hydrolase (FAAH) an integral membrane
enzyme that hydrolyzes AEA, may constitute a novel therapeutic modality to treat

ARDS.
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CHAPTER 1

INTRODUCTION

1.1 The Endocannabinoid System (ECS)

The endocannabinoid system consists of three components including, endogenous
ligands (endocannabinoids), cannabinoid receptors, and the enzymes that degrade the
ligands. The identification of these components has triggered interest among scientists to
further investigate their role in health and disease (Pacher et al., 2006). The endogenous
cannabinoids (endocannabinoids) are anandamide (AEA), also known as arachidonoyl
ethanolamide, and 2 arachidonoyl glycerol (2-AG), while there are two G-protein
coupled receptors (GPRs) that are considered as a part of this system. The
endocannabinoid system (EC system) was unknown to the scientists until the 1990s.
Studies at the National Institute of Drug Abuse (NIDA) reported cloning the G-protein
coupled receptor which binds the cannabinoid-associated ligands, which they referred to
as cannabinoid receptor CB1 receptor or cannabinoid receptor 1. A few years later,
another receptor was identified, which was named as cannabinoid receptor 2 (CB2)

(Pertwee, 2015).

AEA was first identified in 1992 as an arachidonic acid derivative, which were

endogenous ligands found in porcine brain (Devane et al., 1992). These endogenous



ligands activate cannabinoid receptors in the brain and lead to behavioral effects similar
to A9-tetrahydrocannabinol (THC), but less potent (Smith et al., 1994). Anandamide is
also a part of the endocannabinoid system (ECS) which has been found in all
mammalian species, as well as in the invertebrate species except the phyla protozoa and

Insecta (De Petrocellis et al., 1999) .

1.2 Arachidonoyl Ethanol Amide (Anandamide, AEA)

AEA is a signaling endogenous lipid that binds to and activates cannabinoid
receptors in different part of the body including the brain and the peripheral tissues
(Astarita et al., 2008). The endogenous precursor of AEA is N arachidonoyl
phosphatidylethanolamines (NarPE),which is considered as a family of complex
glycerophospholipids derived from the arachidonoyl group (Astarita et al., 2008). AEA
plays an important role in the central nervous system as well as in peripheral nervous
system (Fride, 2002). The role by which AEA mediates its effect is through activating
several receptors that are considered as pharmacological targets including the CB1
receptor (Dasilva et al., 2014) , CB2 receptor (Malek et al., 2015), as well as other
receptors including G protein coupled receptor 55 (Sharir et al., 2012), G protein coupled
receptor 119 (Im, 2021), peroxisome proliferator activated receptor (PPAR)(O'Sullivan,

2016), and Transient Receptor Potential Valid (TRPV1) (Fenwick et al., 2017).



In the immune level, endocannabinoids play an important role in immune system
homeostasis mainly through interactions with the CB1 and CB2 receptors which are both
expressed on immune cells. It is important to note that the CB2 receptor is expressed
about 100 times more on immune cells than CB1 receptor however (Pacher et al., 2006).
AEA binds with higher affinity to the brain cells through CB1 receptor and mimics the
behavioral actions of the THC when injected into rodents. Our laboratory has conducted
several studies on the effect of endocannabioids on immune cells, for example
investigating the role of exogenous 2-AG in inflammation during induction of delayed
type hypersensitivity (DTH) in mice (Sido et al., 2016). In this study, administration of
2-AG (40 mg/kg) attenuated the methylated Bovine Serum Albumin (mBSA)-DTH
response by decreasing Thl and Thl7-associated cytokines such as IL-6, IL-2, TNF-a,
and the 1gG response. In this study, it was shown for the first time that that naive T cells
and B cells expressed low levels of 2-AG, while their activation leads to enhanced
expression of 2-AG. Another study from our lab has found that exogenous AEA plays a
critical role in the amelioration of DTH through the induction of myeloid derived
suppressor cells (MDSCs) (Jackson et al., 2014a). Additionally, it was shown that
blocking fatty acid amide hydrolyze (FAAH), an enzyme that hydrolyzes AEA in vivo,
can lead to elevation in the level of endogenous AEA, which in turn protects the mice

against colitis by suppressing inflammation (Shamran et al., 2017).



1.3 COVID-19 and acute respiratory distress syndrome.

Severe acute respiratory syndrome /Coronvirus disease 19 (SARS/COVID 19) has
been the main cause of respiratory failure and/or death for millions of people recently due
to the pandemic which has caused huge economic losses and social disruptions globally
(Hodgson et al., 2021). COVID-19 Acute Respiratory Distress Syndrome (ARDS) causes
typical pathological changes and diffuse alveolar damage in the lungs (Konopka et al.,
2020). ARDS is considered an acute phenomenon at the onset of hypoxemia that occurs
after damage to the respiratory tract (Voshaar et al., 2021). ARDS is characterized by
infiltration of inflammatory cells in the lungs and cytokine storm (Umbrello et al., 2016).
About 25% of the patients usually have mild form of ARDS, while 75% of the patients
have medium or severe form of ARDS (Rubenfeld et al., 2005). There are many risk
factors associated with ARDS such as pneumonia, sepsis, shock, trauma, and multi-organ
failure (Umbrello et al., 2016). While the pathophysiology of the ARDS is still unclear,
the main characteristic of ARDS is an increased pulmonary capillary permeability as well
as accumulation of protein rich fluid inside the alveoli, which is considered the main
result of the damages of the capillary endothelium and capillary epithelium and release of
cytokines causing diffuse alveolar damage (Martin, 1999). T cells subsets are one of the
main target cells during ARDS caused by an infection. CD4+ T helper cells are the main
activated T cells subsets when compared to the CD8+ cytotoxic T cells, and thus the ratio
of CD8+/CD4+ is significantly increased in the patients with ARDS compared to normal
healthy people (Umbrello et al., 2016). Another study observed there are other T cell
subsets activated during ARDS, such as NKT cells (Tumurkhuu et al., 2008). Cytokines

are one of the most important clinical factors that are released after the activation of



immune cells, which causes the destruction of the lung tissue. One of the key cytokines
is interleukin-6 (IL-6), which is significantly increased in the patients with ARDS

compared to normal healthy people (Swaroopa et al., 2016).

1.4 Staphylococcus Enterotoxin B (SEB)

Staphylococcus Enterotoxin B (SEB) is an exotoxin that is produced by
Staphylococcus aureus which can cause food poisoning or respiratory infections through
ingestion or inhalation (Rozynska and Plusa, 2015). SEB is considered the most potent
bacterial super antigen which can activate a large proportion of T cells expressing certain
VI specificities, thereby hyperactivating the immune system and leading to massive
cytokine release often called “cytokine storm”, resulting in systemic inflammation which
is often lethal (Fries and Varshney, 2013). The cytokines produced primarily include 1L6
and interferon-gamma (IFN-y).  SEB directly interacts with major histocompatibility
class (MHC 11) molecules expressed on antigenic presenting cells (APCs) without being
processed and presented like other antigens, and the SEB+MHC Il complex can directly
activate T cells that express a certain type of T cell receptor (TCR). In the mouse,
SEB+MHC Il activates T cells that express the VI8 TCR (Newell et al., 1991;Miethke

etal., 1992).

1.5 MicroRNA

MicroRNAs (miRNAs) are small endogenous molecules that have the main
function of regulating the gene expression post-transcriptionally. There are many

methods including in vivo and in vitro for isolation, identification, quantification,



profiling, and detection of miIRNA (Lu and Rothenberg, 2018).The majority of miRNAs
are transcribed directly from DNA into primary RNAs, then into precursor miRNA, and
finally a mature miRNA (O'Brien et al., 2018). There are several studies that focused on
miRNAs biogenesis (Bartel, 2009;Carthew and Sontheimer, 2009). MiRNAS precursors
(pri-miRNAs) are transcribed by either RNA polymerase Il from independent genes or
represent introns and hairpins which are the resulting of fold of miRNAs are acting as a
substrate of Drosha and Pasha, while Drosha cleavage which is about 70 nucleotide pre-
miRNA that exported to cytoplasm and Dicer which is about 20 bp miRNA/mMiRNA

duplex (Krol et al., 2010)

Micro-RNAs interact with the 3’ untranslated region (3> UTR) of messenger
RNAs (mRNAS) to induce degradation and translation repression. There are many factors
that determine the interaction of the miRNAs with their target genes, such as location,
abundancy, and affinity between miRNA and mRNA (O'Brien et al., 2018). Many studies
have been found that miRNAs bind to specific sequence of the 3 UTR of their target
miRNA to induce translational repression (Huntzinger and lzaurralde, 2011;Ipsaro and
Joshua-Tor, 2015). As miRNAs bind to specific regions of the 3 UTR, there are many
other studies which show miRNAs also bind to other mRNAs region such as 5° UTR
region, coding sequences, and parts of the promotor regions which results in silencing of
gene expression (Forman et al., 2008;Zhang et al., 2018). Recent studies have shown that
miRNA play a central role as novel therapeutic against inflammation (Tahamtan et al.,
2018). MicroRNA may mediate anti-inflammatory action by interacting with other
factors such as transcription factors, signaling proteins, and regulators of the cell death

(Tsitsiou and Lindsay, 2009). In addition to these aforementioned factors, miRNA can act



as key regulators of inflammation by controlling the signaling of initiation or termination
of the inflammation thereby either promoting or suppressing inflammation (Alam and
O'Neill, 2011;0'Connell et al., 2012). Many studies performed in our lab suggested the
role of miRNA in the initiation of inflammation by SEB to trigger ARDS (Rao et al.,
2014;Rao0 et al., 2015a), or even in the suppression of the inflammation such as the role
of cannabinoids in the amelioration of experimental model of multiple sclerosis (Al-
Ghezi et al., 2019;Tejman-Yarden et al., 2019), as well as the role of 2,3,7,8 -
Tetrachlorodibenzo-p-dioxin (TCDD, "dioxin") in the amelioration of the DTH response
(Abdulla et al., 2021b). In an earlier study, miRNA-132 was found to target High
Mobility Group Box 1 (HMGBL1) which regulates FoxP3+ Treg differentiation. Thus,
upregulation of miRNA-132 caused downregulation of HMGB1, which in turn caused an
increase in FoxP3+ Treg differentiation and suppression of Th-17 cells (Abdulla et al.,
2021b). Resveratrol was shown to decrease the expression of several miRs (miR-31,
Let7a, miR-132) which were found to target cytokines and transcription factors that
regulated the functions of Foxp3 and TGF-f thereby suppressing inflammation (Alrafas

et al., 2020).

1.6 Microbiome

All mammals are inhabited by a large population of microorganisms numbering in
the trillions which are essential and referred to as the microbiome. This microbiome is a
diverse collection of bacteria, viruses, fungi, protozoa, and archaea that contribute to the
overall health and homeostasis of the host (Shreiner et al., 2015;Hillman et al., 2017).

The microbiome are dynamic and are affected by many important factors such as diet,



health status, environment and other factors (Barko et al., 2018). In the gut, the microbial
composition is distributed along the gut lumen, colonic mucus layer, and colon crypts
(Donaldson et al., 2016). The microbiome is not limited to only the gut, but is also
present in other organs such as the lungs (Moffatt and Cookson, 2017). Bacteria are
classified taxonomically into phyla, genera, and species based on differences in
phenotype characteristics. Carl and others optimized sequencing of small subunit of 16S
ribosomal RNA (rRNA) polymerase chain reaction with next gene sequencing of
amplicons which led to better characterization of the microbiome (Chakravorty et al.,

2007)

In recent years, studies have shown that there is a vital cross talk between the
gut microbiome and the lung microbiome, known as gut-lung axis that plays an
important role in mediating the immune response and reshaping inflammation (Zhang et
al., 2020). There is evidence showing gut microbiome affecting pulmonary immunity
through the vital cross talk of the gut-lung axis (Keely et al., 2012). Studies have also
shown that many respiratory infections involve significant alterations in the composition

of the microbiome in the gut and lung (Dumas et al., 2018).

Short chain fatty acids (SCFASs) are a subset of fatty acids that are produced by
the gut bacteria during fermentation of partially and non-digestible polysaccharides (Tan
et al., 2014). SCFAs a play a major role in the health homeostasis (Tan et al., 2014).
They are considered important in terms of the communication between gut microbiome

and immune system, and the signal they produce are transferred amongst immune cells



via free fatty acids receptors (FFARS). They also mediate homeostasis not only for the

digestive system but also for other organs including the lungs (Ratajczak et al., 2019).

1.7 Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) are proteins with broad range of antimicrobial and
immune modulatory activities against bacterial infections. Therefore, there are many
pharmaceutical companies that are conducting clinical trials of these AMPs as therapeutic
drugs (Toriyama, 1992). Making it difficult for microbes like bacteria to develop drug
resistance, AMPs interact with cell membrane through electrostatic interactions
(Hollmann et al., 2018;Pfalzgraff et al., 2018). There are some AMPs that interact with
the lipid bilayer and bind with DNA, inhibiting synthesis of the bacterial cell wall. Thus,
AMPs display intracellular inhibitory activity (Steckbeck et al., 2014). AMPs have been
shown to be successful in treating infectious diseases, being both safe and effective
(Toriyama, 1992). Airways epithelial cells contribute in the synthesis of AMPs and the
relevance of these AMPs has been shown host-mediated defense against respiratory
infections. Inasmuch, these peptides have served as a potential alternative for antibiotics
and immune modulators (Hiemstra et al., 2016). In the lungs, there are large AMPs that
play a role in the immune homeostasis of the respiratory system such as lysozyme,

lactoferrin, and secretory leukocyte proteinase inhibitor (Amatngalim et al., 2015).

1.8 Tight Junction Proteins

Tight junction proteins are continuous intercellular barrier molecules between

epithelial cells that mediate the regulation of movements of the solutes across the



epithelial cells (Schneeberger and Lynch, 2004). The intestinal barriers maintain and
regulate the permeability of ions through epithelial tight junctions, water, and nutrients
(Turner, 2006). Besides the intestine, the lung also contains tight junctions, and the
barrier function of the lung depends on these proteins at the interface of the adjacent
epithelial cells (Schlingmann et al., 2015). There are many types of tight junctions that
have been identified (Flesch et al., 2017). Claudin is one of the tight junctions identified
in the lungs of humans and animals, and these proteins have been shown to play an
important role in protection against lung injury in various respiratory models
(Schlingmann et al., 2015). Another type of tight junction protein is Epithelial Cadherin
(or E-Cadherin) whichplays an important role in the regulation of the airway epithelial
structure, barrier function, and immune response (Nawijn et al., 2011). There are studies
demonstrating E-Cadherin plays an important role in the mediation of lung respiratory
diseases (Post et al., 2018). Beta Defensins are some of the most important proteins
which play a defense role against pathogens, and are produced by both epithelial cells
and immune cells. Beta defensins manage cross talk between the host and microbes while
maintaing the homeostasis and healthy status. For example murine beta defensin 2
(mBD2) is one of these important factors which has been shown to protect against lung

diseases (Meade and O'Farrelly, 2018).
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CHAPTER 2
THE ENDOCANNABINOID ANANDAMIDE ATTENUATES
ACUTE RESPIRATORY DISTRESS SYNDROME BY
DOWNREGULATION OF MIRNA THAT TARGET

INFLAMMATORY PATHWAYS

2.1 ABSTRACT

Acute respiratory distress syndrome (ARDS) is defined as a type of respiratory failure
that is caused by a variety of insults such as pneumonia, sepsis, trauma and certain viral
infections. In this study, we investigated the effect of an endocannabinoid, anandamide
(AEA), on ARDS induced in the mouse by SEB Administration of a single intranasal
dose of SEB in mice and treated with exogenous AEA at a dose of 40mg/kg body weight
led to the amelioration of ARDS in mice. Clinically, plethysmography results indicated
that there was an improvement in lung function after AEA treatment accompanied by a
decrease of inflammatory cell infiltrate. There was also a significant decrease in pro-
inflammatory cytokines 1L-2, TNF-o, and IFN-[1[] and immune cells including CD4" T
cells, CD8+ T cells, VB8™ T cells, and NK* T cells in the lungs. Concurrently, an increase
in anti-inflammatory phenotypes such as CD11b+Grl+ Myeloid-derived Suppressor
Cells (MDSCs), CD4+FOXP3+ Tregs, and CD4"IL10+ cells was observed in the lungs.

Microarray data showed that AEA treatment in ARDS mice significantly altered

11



numerous MIRNA including downregulation of miRNA-23a-3p, which caused an
upregulation of arginase (ARG1), which encodes for arginase, a marker for MDSCs, as
well as TGF-B2, which induces Tregs. AEA also caused down-regulation of miRNA-
34a-5p which led to induction of FoxP3, a master regulator of Tregs. Transfection of T
cells using miRNA-23a-3p or miRNA-34a-5p mimics and inhibitors confirmed that these
miRNAs targeted ARG1, TGFB2 and FoxP3. In conclusion, the data obtained from this
study suggests that endocannabinoids such as AEA can attenuate ARDS induced by SEB
by suppressing inflammation through down-regulation of key miRNA that regulate
immunosuppressive pathways involving the induction of MDSCs and Tregs.
2.2 INTRODUCTION

ARDS, a pulmonary disease characterized by an exudation of protein-rich fluid
into alveolar space (Zhao et al., 2017), has a high morbidity rate approaching 200,000
cases each year with an approximate mortality rate of 27 — 45% depending on disease
severity (Diamond et al., 2020). ARDS is defined as a type of respiratory failure which is
caused by a variety of insults such as pneumonia, sepsis, trauma, and certain viral
infections. ARDS is usually accompanied by systemic hyperactivation of the immune
system leading to inflammation in the lungs, development of pulmonary edema, alveolar
damage, and often respiratory failure (Fan et al., 2018). As there are no pharmacological
agents currently approved by the FDA to treat ARDS, there is a high rate of mortality
associated with this disease.

Recently, the severe form of COVID-19 caused by infection with the SARS-CoV-
2 virus has also been shown to elicit ARDS (Li and Ma, 2020), although the nature of

pathogenesis may be different from other forms of ARDS. Nevertheless, ARDS is also

12



accompanied by the release of inflammatory cytokines such as IL-6. IFN-y and TNFa
(Matthay and Zimmerman, 2005;Mohammed et al., 2020a;Mohammed et al., 2020b). In
this context, suppressing pro-inflammatory responses is critical for attenuating disease
severity.

The endocannabinoid system consists of the endocannabinoids, their metabolic
enzymes and the cannabinoid receptors (Di Marzo, 2018). The analgesic effects of these
endocannabinoids are primarily mediated through the CB1 which has been shown to have
a significant role in the presynaptic modulation of pain (Walker and Huang, 2002). In
contrast, CB2 is primarily expressed on immune cells, and activation of CB2 has been
shown to suppress inflammation (Ameri, 1999;Pandey et al., 2009), However, it should
be noted that CB1 is also expressed on immune cells and its activation by cannabinoids
can also induce immunosuppression (Sido et al., 2015b). Two of the best-characterized
endocannabinoids are AEA and 2-AG (Devane et al., 1992;Mechoulam et al., 1995;Fan
et al., 2018), which can bind to both CB1 and CB2 receptors (Barrie and Manolios,
2017). The main enzymes responsible for the hydrolysis of AEA and 2-AG are FAAH
and Monoacylglycerol lipase (MAGL), respectively (van Egmond et al., 2021) This has
enabled the synthesis of many distinct classes of FAAH and MAGL inhibitors that have
been shown to increase the levels of endocannabinoids when administered in vivo,
thereby offering an opportunity to treat certain clinical disorders (van Egmond et al.,
2021). Such FAAH and MAGL inhibitors have also been shown to effectively attenuate
lipopolysaccharide (LPS)-induced acute lung inflammation (Costola-de-Souza et al.,

2013;Wu et al., 2019;Abohalaka et al., 2020).
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As recently reviewed, both AEA and 2-AG work in tandem as 'master regulators'
of the innate-adaptive immune axis, governing numerous immune responses (Chiurchiu
et al., 2015). For example, we have shown that AEA attenuates type-1V delayed-type
hypersensitivity (DTH) mediated by Th17 cells via the induction of 1L-10 and miRNA
(Jackson et al., 2014b) and that activated T and B cells produce 2-AG, thereby inhibiting
T-cell activation and proliferation, and thus attenuating DTH (Sido et al., 2016). Taken
together, the immunoregulatory effects of endocannabinoids are manifold, and may yet
provide a suitable pharmacological intervention in the treatment of ARDS.

SEB is a superantigen produced by the gram-positive bacterium, Staphylococcus
aureus that causes many diseases ranging from food poisoning to toxic shock syndrome.
SEB is known to stimulate T cells via binding to the Major Histocompatibility Complex
Il (MHC II) outside the conventional antigen-binding site that shares the variable region
of the T cell receptor causing a robust proliferation of T cells (Pinchuk et al., 2010).
Because SEB is easily aerosolized, it is considered as a bioterrorism agent, and the
Centers for Disease Control and Prevention (CDC) has classified SEB as Category B
(Pinchuk et al., 2010).

MicroRNAs are highly conserved small non-coding RNA molecules (21-25
nucleotides) that are expressed in most organisms from plants to vertebrates and regulate
gene expression by degrading or silencing their targeted mRNA (Millar and Waterhouse,
2005;Macfarlane and Murphy, 2010). Specifically, miRNAs use their seed sequence to
interact with the 3' untranslated region (3'UTR) found in the mRNA target via imperfect
matching (Cannell et al., 2008). While many parameters govern miRNA-mRNA

interactions, what adds to the inherent complexity between these interactions are the
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numerous bindings sites per miRNA and the potential of each mRNA to be targeted by
multiple miRNAs (Krol et al., 2010;0'Neill et al., 2011). Consequently, miRNAs are
involved in the regulation of several cellular processes including the regulation of
immunity, particularly as it relates to innate immune responses in the process of pathogen
clearance and tissue restitution (O'Neill et al., 2011). There is only one previous report,
that from our laboratory, investigating whether the anti-inflammatory action of
anandamide is associated with miRNA (Jackson et al., 2014b). Additionally, we have
also reported that the use of FAAH inhibitor enhances AEA in vivo and attenuates colitis
through induction of miRNA that downregulates inflammatory pathways (Shamran et
al., 2017).Previous studies from our laboratory demonstrated that Delta-9-
Tetrahydrocannabinol (THC), the principal psychoactive constituent of cannabis, can
suppress SEB-mediated ARDS in mice (Mohammed et al., 2020b;Mohammed et al.,
2020d). THC-treated mice showed significant alterations in the expression of miRNA in
the lung-infiltrated mononuclear cells (MNCs), which were associated with suppression
of lung inflammation (Mohammed et al., 2020a) Together, these studies suggested that
cannabinoids have significant potential in the treatment of ARDS. Nonetheless, whether
direct administration of endocannabinoids such as AEA can suppress ARDS has not been
previously investigated. Such studies are essential because while THC and AEA are both
know to activate CB1 and CB2 receptors, AEA has also been shown to act as an agonist
for the Transient Receptor Potential Cation Channel Subfamily V member 1 (TRPV1),
also known as the vanilloid receptor 1, THC does not modulate TRPV1 (Muller et al.,
2018) . In the current study, we, therefore, tested if endocannabinoid administration can

suppress inflammation seen in ARDS caused by SEB. We found that AEA was highly
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effective in attenuating ARDS and inflammation in the lungs caused by SEB. We found
that AEA altered the expression of miRNA in the mononuclear cells (MNC) isolated
from the lungs of SEB-treated mice which promoted anti-inflammatory pathways. This
study opens the possibility of the use of AEA or FAAH inhibitors in the attenuation of
ARDS in a clinical setting.
2.3 MATERIALS AND METHODS
Mice

The mice were purchased from Jackson laboratories with age of (6-8 weeks)
C57BL/6 mice . Five animals per cage as a maximum level that were housed under
pathogenic —free conditions in the Animal Resource Facility (ARF) at the University of
South Carolina. Under the policy approved by the Institutional Animal Care and Use
Committee (IACUC) all requirements for the experiments were performed. Mice were
housed under a 12 hour light/dark cycle at 18-23°C and 40-60% humidity.

Chemicals, reagents and Kits

All chemicals and reagents were purchased as follows: N-arachidonoyl
ethanolamine or AEA from Cayman Chemicals (Ann Arbor, Michigan, United States)
SEB:from Toxin Technologies (Sarasota, FL); RPMI 1640 supported with L-glutamine:
from Corning (New York, NY, USA); Fetal Bovine Serum, Penicillin and Streptomycin:
from Invitrogen Life Technologies (CA, USA). True Nuclear Transcription Factor
Buffer Set was purchased from Biolegend (San Diego, CA) while Fc Block reagent was
purchased from BD Pharmingen (San Diego, CA). EasySep mouse MDSCs (CD11bGr1)
selection kit was purchased from STEMCELL technologies (Seattle, WA) for

purification of MDSCs. miScript SYBR green PCR kit, miScript primer assays kit, RNA
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easy, and miRNA easy kit were purchased from Qiagen (Valencia, CA). Tag DNA

Polymerase kit was purchased from Invitrogen Life Technologies (Carlsbad, CA).

Induction of Acute Respiratory Distress Syndrome in mice using Staphylococcus
Enterotoxin B (SEB) inhalation and treatment with Anandamide

ARDS was induced in mice as described previously (Rieder et al., 2011). Mice
were randomly divided into either vehicle or treatment groups before exposure to SEB.
Mice were exposed to SEB intra-nasally (I.N.) with a single dose at a concentration of 50
pg/mouse in 25 ul of Phosphate Buffer Saline (PBS) as previously described (Rieder et
al., 2011) on day 0. On day -1, AEA or VEH was given into these mice by the Intra
Peritoneal (1.P.) route at a dose of 40 mg/kg body weight. AEA dissolved in ethanol (50
mg/ml) was diluted further in PBS. Each mouse received 0.1 ml consisting of 84 pul of
PBS and 16 pl of ethanol containing AEA. The vehicle controls received 0.1 ml
consisting of 84 pl of PBS and 16 ul of ethanol without AEA. The dose of AEA was
based on our previous studies demonstrating that 40 mg/kg body weight of AEA
attenuated T cell-mediated delayed-type hypersensitivity response (Jackson et al.,
2014b). The treatment with AEA was repeated on day 0 (SEB exposure day), and day 1.
Mice were euthanized on day 2 (48 hrs after SEB exposure) for various studies.
Evaluation of lung function

To evaluate the effect of AEA to attenuate the effects of SEB, clinical

parameters of the lungs were measured using whole-body plethysmography (Buxco,
Troy, NY, USA), as described (Elliott et al., 2016). A single mouse from each group of
Naive, SEB+VEH, and SEB+AEA was first restrained in a plethysmographic tube and

was allowed to acclimatize as previously described (Elliott et al., 2016). The lung
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function was calculated for clinical parameters such as Specific Airway Resistance
(sSRAW), Specific Airway Conductance (SGAW ) and Minute per VVolume (MV).
Lung Histopathology

Lung tissue was excised from each mouse and directly fixed in 10% formalin
without inflation. The lung tissues were then embedded in paraffin and sections were cut
at our core facility. The sections were then processed for H & E staining. Briefly, lung
tissue sections mounted on slides were first transferred in xylene to deparaffinized the
tissue sections. The tissue sections were then rehydrated in alcohol (100%, 95%, and 90
%). The sections were finally stained with Hematoxylin and Eosin (H & E) and
dehydrated. H & E stained sections were analyzed using KEYENCE digital microscope
VHX-7000 (IL-USA).
Isolation and purification of lung mononuclear cells (MNCs)

These cells were isolated as described previously (Rieder et al., 2012). Briefly, mice
were given heparinized PBS to perfuse the lungs. A stomacher 80 biomaster blender
(Seward, FI) was used to homogenize the lung tissue suspended in 10 ml of 1x PBS and
10% Fetal Bovine Serum (FBS). The homogenized lung tissues were centrifuged at 1200
rpm at 4°C for 12 min. The pellet was then washed with PBS and resuspended in PBS
post centrifugation. We then used a density gradient centrifugation method to purify lung
mononuclear cells (MNCs). In brief, the cells resuspended in sterile PBS were carefully
layered using Histopaque-1077 purchased from Sigma-Aldrich (St. Louis, MO) and
centrifuged at 500xg for 30 minutes at room temperature (25°C). The mononuclear cells
were collected at the interface. MNCs mixed with trypan blue were then enumerated

using a Biorad TC 20-Automated cell counter.
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Detection of cytokines in serum

Blood samples from each group of mice were collected under general anesthesia.
The collected blood samples were then centrifuged to collect the sera. The sera were
either used immediately or stored at -80°C. The detection of the cytokines was
performed using ELISA MAX standards kits from Biolegend.

Flow cytometry Analysis:

Spleen cells and MNCs isolated from the lungs were stained with various
fluorescent—conjugated antibodies purchased from Biolegend (SanDiego, CA, USA),
which included: For T cell subsets: Allophycocyanin (APC) conjugated anti-CD3,
Phycoerythrin (PE) conjugated anti-CD4, PerCP/Cyanine 5.5 (PerCP-CY5.5) conjugated
anti-CD8, Fluorescein Isothiocyanate (FITC) conjugated anti-VB8, and PE/Dazzle
Conjugated anti-NK1.1. For lymphocyte activation markers, T cell memory markers,
MDSCs, and Tregs, the following Abs were used: Phycoerythrin (PE) Conjugated anti-
CD69, Brilliant Violet-510 Conjugated anti-CD25, Fluorescin Isothiocyanate (FITC)
Conjugated anti-CD44, Brilliant Violet-785 Conjugated anti-CD3, Allophycocyanin
(APC) Conjugated anti-CD62L, Alexa Fluor 488 Conjugated anti-FoxP3, Phycoerythrin
(PE) Conjugated anti-1L10, Fluorescein Isothiocyanate (FITC) Conjugated anti-CD11b,
Phycoerythrin (PE) Conjugated anti-Grl, Alexa Fluor 700 conjugated anti-LY6C, and

Phycoerythrin cy5 (PECY5) conjugated anti-LY6G.

The staining of cells for dual markers was performed as described in our previous
publications (Al-Ghezi et al., 2019;Becker et al., 2020;Dopkins et al., 2020;Mohammed
et al., 2020b). In brief, MNCs and spleen cells were treated with Fc Block reagent (BD

Pharmingen, San Diego, CA) followed by staining cells with various antibodies by
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incubation at 4°C for 20-30 minutes. Stained cells were washed twice with cold PBS
containing 2% FBS (Staining buffer). For IL 10 and FOXP3 staining, we used the Intracellular
Cytokine Staining Kit (BD biosciences) consisting of fixation/permeabilization buffer. In brief,
the cells were fixed using fixation/permeabilization buffer, followed by washing the cells with
PBS and then staining the cells using anti-Foxp3 and anti-IL10 antibodies. The cells were
finally suspended in 0.5 ml staining buffer and analyzed using Beckman Coulter FC500
or BD Bioscience FACSCelesta™ | which was followed by analysis on the FlowJo V10
version software.
Induction of Myeoid Derived Suppressor Cells by Anandamide

Mice were injected with Anandamide and SEB, as described earlier. Forty eight
hrs later, mice were euthanized and the peritoneal exudate was collected and washed with
PBS. The cells were resuspended in 1 mL, treated with Fc block for 10 min at RT. Next,
the EasySep CD11b Grl selection kit (STEMCELL Technologies, Seattle, WA, catalog
number 19867) was used to isolate CD11bGrl based on the guidelines provided in the
kit.
Suppression of T cell proliferation by Myeloid Derived Suppressor Cells in vitro

To test the immunosuppressive effects of MDSCs on T cell proliferation, naive
C57BL/6 mice were euthanized and splenic T cells were isolated. Splenic T cells at a
concentration of 5 x 10° cells/well were cultured in 96-well tissue culture plates in the
presence of Concanavalin A (ConA), a T cell mitogen, at a concentration of (2.5ug/ml)
together with different ratios of AEA induced purified MDSCs for 48 hours.
[*H]thymidine (2 uCi per well) was added to the cell culture in the last 18 hrs, and the
radioactivity was measured using a liquid-scintillation counter (MicroBeta TriLux;

PerkinElmer).
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Micro-RNAs Arrays and Analysis

miRNA analysis was performed as described previously(Tomar et al.,
2015;Alghetaa et al., 2018). Total RNA including miRNA was isolated from lung
infiltrating MNCs using miRNeasy kit from Qiagen. A Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) was used to determine
RNA purity and concentration. Next, Affymetrix gene chip miRNA 4.0 array platform
was used (Affymetrix Inc, Santa Clara, CA) to determine the miRNA expression profile
of lung MNCs and only those miRNAs that were altered more than 1.5-fold or higher
were considered for further analysis. Ingenuity Pathway Analysis (IPA) was used for
identifying the role of miRNA in various biological pathways using the software

available at http://www.ingenuity.com. Also, the microRNA.org database was used to

examine the sequence alignment regions between miRNA-23a-3p and miRNA-34a-5p

and their respective target genes.

Quantitative-Real Time Polymerase Chain Reaction (QRT-PCR)

This was performed as described previously (Mohammed et al., 2020a). Briefly, to
determine the expression of the selected miRNA and respective genes, qRT-PCR was
performed using cDNA synthesized from total RNA and miRNA. miScript I RT kit from
Qiagen was used to synthesize cDNA using and following the protocol of Qiagen
company.

Snord96A and GAPDH were used as endogenous controls. 2AACt was used to determine

fold change in expression (Table 1).
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Transfection of mMiRNA

Transfection was performed as described previously (Busbee et al., 2015). In
brief, splenocytes were cultured in complete RPMI 1640 medium (10% FBS, 10 mM L-
glutamine, 10 mM Hepes, 50 uM pS-mercaptoethanol, and 100xg/ ml penicillin). 2.5 x
10° cells/well were seeded in a 24-well plate and transfected with mock control,
synthetic mimic mmu-miRNA-23a-3p MSY0000542, synthetic mimic mmu-mmiRNA-
34a-5p MINO0000542 using a HiPerFect transfection reagent kit from Qiagen.
Statistical Analysis

Graph Pad Prism 6.0 Software (San Diego,CA,US) was used for statistical analyses.
Student's t-test was used for comparison among two groups. One way-ANOVA with post
hoc Tukey's test was used to compare between more than two groups. The results were
expressed as mean + SEM. A p-value < of 0.05 was considered statistically significant.
2.4 RESULTS
Anandamide improves lung function, rescues lung damage, and decreases pro-
inflammatory cytokines in mice exposed to Staphylococcus Enterotoxin B

We used the following groups of mice to study the effect of AEA on SEB-mediated
ARDS: Naive, SEB+VEH, and SEB+AEA. After forty-eight hours of SEB exposure,
the lung function of all groups was evaluated using a Buxco instrument system. We
observed that the clinical parameters for lung function including specific airways
resistance, specific airway conductance, and minute per volume to be significantly
improved in SEB+AEA groups and similar to the naive group, in comparison to

SEB+VEH mice (2.1 A ). These data demonstrated that AEA was able to rescue
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impairments to the lung function caused by SEB exposure. Further, the total number of
mononuclear cells (MNCs) in the lung was significantly decreased in SEB+AEA mice
when compared to SEB+VEH mice (Fig2.1 B). Histological sections of the lungs are
shown in Fig 2.1C that are representative pictures of the data presented in Fig 2.1B.
Analysis of sera obtained from mice showed that there was a significant decrease in the
pro-inflammatory cytokines TNFa, IL-2, and IFN-y in SEB+AEA group when compared
to SEB+VEH mice (Fig 2.1 D).
Anandamide suppresses the infiltration of inflammatory cells in the lungs and
spleens

We then assessed the presence of T cells in the lungs (Fig 2.2A-D) and spleens
(Fig 2.2E-H) by staining with fluorescein-conjugated antibodies and analyzing using
flow cytometry. The data have been depicted as a representative flow cytometric analysis
followed by percentage of cells/mouse, and total number of cells/mouse in vertical bars.
Results showed that there was a significant increase in T cell subset populations, both in
percentages and numbers, including CD4+ T cells, CD8+ T cells, VI8+ T cells, and NK
T cells in the lungs and spleens of SEB+VEH group when compared to the naive mice,
thereby demonstrating that SEB caused activation and proliferation of these cells (Fig 2.2
A-H). Interestingly, SEB+AEA group when compared to the SEB+VEH group, showed a
significant decrease in the percentage and numbers of all T cell subsets, including the
V8+ T cells that are specifically activated by SEB. This combined with the fact that
SEB+AEA group had a decrease in the total number of infiltrating MNCs in the lungs
(Fig 2.1B) when compared to SEB+VEH group, clearly demonstrated that AEA

decreases both the percentage and total numbers of T cell subsets induced by SEB.
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AEA suppresses the proliferation of splenic lymphocytes in vitro

To determine whether the AEA suppresses SEB-activated proliferation of T cells
directly, we performed in vitro assays in which splenic lymphocytes, isolated from naive
mice, were pretreated with a dose of 20 uM of AEA and activated 30 minutes later with
lug/ml of SEB. The cells were then incubated for 24 hrs and 48 hrs. We assessed the
effect of AEA on T cell subpopulations, including CD4+ T cells, CD8+ T cells, VB8 + T
cells, and NKT cells by flow cytometry. We observed that there was a significant
decrease in the percentage of all T cell subsets and NKT cells in the SEB+AEA group
when compared to the SEB+VEH group at 24 hrs (Fig 2.3 A-D), and this decrease was
further augmented at 48 hrs (Fig 2.3 E-H). Next, we investigated activation markers such
as CD3, CD69, CD25, CD44, as well as CD62L (L-slectin) which is expressed on naive
CD4+ T cells used for recirculation and binding to high endothelial venules and on
central memory T cells. We observed that the percentages of CD3+CD69+, CD69+,
CD44+, and CD62L+ cells from the SEB+Veh group were significantly increased when
compared to naive mice indicating that SEB had activated a significant proportion of T
and other immune cells. However, in the SEB+AEA group, there was a significant
decrease in percentages of these cells when compared to the SEB+VEH group except
CD62L+ cells which were enhanced in SEB+AEA mice when compared to the
SEB+VEH group (Fig 2.4). It should be noted that when we looked at CD25+ cells that
were CDG69-, these cells were significantly increased SEB+AEA group (33.6%) when
compared to SEB+VEH (7.9%) (Fig 2.4). Because CD25 is also expressed on Tregs,

these data suggested that AEA may increase the proportion of Tregs which is shown in
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subsequent Figs. Together, these in vitro studies demonstrated that AEA directly worked
on SEB-activated immune cells thereby significantly suppressing their activation.
Anandamide alters the expression of Micro-RNAs in lung infiltrating Mononuclear

Cells

We next analyzed miRNA profiles of lung infiltrating MNCs to examine the
extent to which AEA attenuates inflammation via miRNA induction. The data were
analyzed using Ingenuity Pathway Analysis ( IPA) software as described earlier (Rao et
al., 2015a). The heat map of miRNAs (>3000) was first generated which showed marked
alterations in miRNA expression in SEB+VEH mice when compared to the SEB+AEA
mice. Upon analysis of a > 1.5 fold increase or decrease in miRNA expression, a marked
difference in the upregulation/downregulation of miRNAs between SEB+VEH and
SEB+AEA mice was observed (Fig 2.5A). Specifically, there were at least 77 miRNAs
that were upregulated and 59 miRNAs that were downregulated in SEB+AEA mice when
compared to SEB+VEH mice (Fig 2.5B). Next, we analyzed select miRNAs for their
targets especially those involved in the regulation of inflammation, using the IPA
software from Qiagen and observed that some of the downregulated mMiRNAS,
specifically miRNA-23a-3p targeted TGF- f2 and ARG1, and miRNA-34a-5p (synonym:
miRNA-449c based on IPA classification) targeted FoxP3 (Fig 2.5C). Also, we found
MiRNA-34a-5p to target GATA3 involved in Th2 differentiation and miRNA-30c-5p
which was down-regulated to target SOCS1, a suppressor of cytokine signaling. These
data suggested that AEA, by downregulating these miRNAs, may induce several of these

anti-inflammatory molecules such as TGF- 2, ARG1, GATA3, and SOCSI.
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Validation of Micro-RNAs and their target genes
We further confirmed miRNA-23a-3p and miRNA-34a-5p specific target genes

using miRNA.org or TargetScan software. miRNA-23a-3p showed a strong binding
affinity with its complementary 3'UTR region of TGF- f2 gene and miRNA-34-5pa
showed a strong binding affinity with the 3'UTR region of the FoxP3 gene (Fig 2.6 A,E).
We then validated the expression of miRNA-23a-3p and miRNA-34a-5p and their
respective genes (ARG1, TGF-B2, and FoxP3) by performing qRT-PCR using MNCs
isolated from the lungs. Both miRNA-23a-3p and miRNA- 34a-5p were significantly
downregulated in SEB+AEA mice when compared to SEB+VEH counterparts (Fig 2.6B,
F). Upon analysis of their respective target genes including ARG1, TGF- (32, and FoxP3
in the lung MNCs, there was a significant upregulation of both genes in cells from
SEB+AEA mice when compared to SEB+VEH mice (Fig 2.6 C, D, G).
Analysis of Micro-RNA-23a-3p and Micro-RNAs-34a-5p and their specific target
gene expression

To corroborate that miRNA-23a-3p and miRNA-34a-5p specifically regulate the
respective target genes (ARG1, TGF-B2, and FoxP3), we performed a series of
transfection assays. To this end, SEB at a concentration of 1pug/ml was used to activate
splenocytes following overnight incubation. The following day, activated cells were then
transfected with mock, mimic or inhibitor of miRNA-23a-3p, or miRNA-34a-5p. Forty-
eight hours after transfection, we collected the cells for qRT-PCR. Based on the qRT-
PCR analysis, we observed that there was a significant increase in miR-23a (Figure
2.7A) and miR-34a-5p expression  (Figure 2.7D) in cells transfected with their

respective mimics. In contrast, the cells that were transfected with respective inhibitors
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showed a significant decrease in miRNA-23a and miRNA-34a-5p expression. Upon
analysis of their target genes, we noted that there was significant suppression of TGF-f32
and ARG1 in miR-23a mimic-transfected cells (Fig 2.7 B, C) as well as FoxP3
expression in MiRNA-34-5p mimic-transfected cells (Fig 2.7 E), whereas there was
complete reversal (increase) in their expression (Fig 2.7 B, C, E) following inhibition of
their respective miRNAs. These findings indicated a direct relationship with miRNA-
23a-3p and miRNA-34a-5p expression with their target genes ARG1, TGF-B2, and

FoxP3.
Anandamide induces Myeloid Derived Suppressor Cells and T regulatory cells

The above studies indicated that AEA-regulated miRNAs might induce anti-
inflammatory genes leading to the generation of suppressor cells such as MDSCs and T
regulatory cells (Tregs). To test this, MNCs from the lungs of both SEB+AEA and
SEB+VEH mice were assessed for the generation of MDSCs and their subsets
(CD11b+Grl1+ and LY6C+LY6G+). Flow cytometry data showed that there was a
significant increase in the percentage of MDSCs (CD11b+Grl+) in SEB+AEA mice
when compared to SEB+VEH mice in both the lungs and spleen (Fig 2.8A, E).
Additionally, we noted that AEA caused increased percentages of both Ly6G*Ly6C""
granulocytic and Ly6GLy6C"®" monocytic MDSCs (Fig 2.8B). Furthermore, upon
analysis of Tregs, there was a significant increase in CD4+FoxP3+ cells in SEB+AEA
mice (Fig 2.8 C) when compared to the SEB+VEH group. A significant increase of
CD4+IL10+ cells, a phenotype of regulatory Type 1 (Trl)-like cells, was observed as
well in SEB+AEA mice when compared to SEB+VEH mice, (Fig 2.8 D). To confirm

that the MDSCs induced by AEA were immunosuppressive, we performed an in vitro
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assay in which spleen T cells from naive mice were activated with ConA in the presence
of varying proportions of purified MDSCs. The Data shown in Fig 8F demonstrated that
the MDSCs caused a dose-dependent decrease in T cell proliferation. These data together
suggested that AEA was inducing immunosuppressive MDSCs and Tregs, consistent

with the data shown in miRNA experiments.

2.5 Discussion

In the present study, we explored the effect of AEA treatment in a SEB-induced
mouse model of ARDS. Our results indicated that AEA indeed broadly improves clinical
outcomes of lung function and inflammatory status following exposure to SEB.
Mechanistically, AEA reduces the infiltration of proinflammatory T cell subsets and
further suppresses splenic lymphocyte proliferation induced by SEB. Additional analyses
suggested that such inflammatory control may be mediated, at least in part, via the
suppression of two specific miRNAs, miRNA-23a-3p and miRNA-34a-5p, which
directly regulate the expression of gene targets ARG1, TGF-B2, and FoxP3. As a result,
the regulation of these miRNAs by AEA allows for an increase in immunosuppressive

Tregs and MDSC populations.

ARDS is a life-threatening form of respiratory failure that affects heterogeneous
populations. Currently, there is no FDA-approved drug to treat ARDS leading to high
rates of mortality (Rao et al., 2015a). Treatment options are still limited because of which
the mortality rate is almost 40% and according to US healthcare data, the annual cost of
treatment is more than $5 billion/year due to a long time of hospitalization and intensive

medical care (Thornton Snider et al., 2012). With the advent of COVID-19, the additional
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healthcare burden will continue to rise (Bartsch et al., 2020) due to its ability to induce
ARDS-like clinical features. ARDS is caused by a variety of insults which include
pneumonia, sepsis, trauma, and certain viral infections. The common feature of ARDS
also includes systemic heightened immune response leading to inflammation in the lungs,
edema, alveolar damage, and respiratory failure. Staphylococcus Enterotoxin B (SEB)
acts as a superantigen and activates a large proportion of T cells having certain VB T cell
receptor-expressing cells (VB8) leading to cytokine storm and systemic inflammation

(Nagarkatti et al., 2009;Rao et al., 2015a).

Cannabinoids have extensively been tested for their anti-inflammatory properties
(Nagarkatti et al., 2009). Recently, we reported that Tetrahydrocannabinol (THC), the
psychotropic compound found in cannabis that activates both CB1 and CB2, can suppress
SEB-mediated ARDS (Mohammed et al., 2020a) . However, whether endocannabinoids
can suppress ARDS has not been tested previously. Such studies are important because
the levels of endocannabinoids such as AEA can be regulated by inhibitors of Fatty Acid
Amide Hydrolase (FAAH), an enzyme that breaks down AEA. AEA has a chemical
structure that is different from THC, has lower affinity for CB; receptors, and a much
shorter duration of action both in vitro and in vivo (Justinova et al., 2005). Thus, while
we found that 20mg/kg of THC can block SEB-mediated ARDS when given even the
same day as SEB (Mohammed et al., 2020a), with AEA, we found that it was necessary
to give a higher dose of 40mg/kg body weight, and also inject AEA prior to antigenic
challenge (Jackson et al., 2014b). In this study, we used the endocannabinoid, AEA, as a
mode of treatment for mice with ARDS due to the possibility that its levels can be

increased using FAAH inhibitors. In fact, in a previous study, we noted that FAAH
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knockout mice or administration of FAAH inhibitor could upregulate endogenous AEA
leading to suppression of autoimmune hepatitis (Hegde et al., 2008). The suppressive
effect of AEA on TNFa and alveolar macrophages as well as on inflammatory cytokines
IL6 and IL12 have been demonstrated in previous studies (Chiurchiu et al., 2015). AEA
was also shown to activate CB1 receptors and and cause a decrease in the production and
release of IL-12 and IL-23 which induce inflammatory T cells namely Thl and Th17
cells, respectively (Chiurchiu et al., 2016). In these studies, treatment of keratinocytes
with AEA in vitro led to decreased induction of IFN-y and IL-17 producing Thl and
Th17 cells respectively (Chiurchiu et al., 2016) ). The other key endocannabinoid, 2-AG,
has also been shown to mediate anti-inflammatory properties. We have reported that
naive immune cells produced low levels of 2-AG but upon activation, they produced
higher levels which in turn suppressed T cell proliferation (Sido et al., 2016) ). Also, 2-
AG treatment (40 mg/kg) suppressed methylated Bovine Serum Albumin (BSA)-induced
delayed-type hypersensitivity (DTH) response mediated by Thl and Th17 cells (Sido et
al., 2016). These studies suggested that immune cells upon activation may produce
endocannabinoids which may act as negative regulators of the immune response (Sido et

al., 2016).

In the current study, we noted that AEA induced significant levels of MDSCs.
MDSCs are heterogeneous cells generated during inflammation and cancer development
(Yang et al., 2020). Because of their remarkable ability to suppress T cell response (Bird,
2020), they are believed to promote tumor growth in cancer patients and suppress
inflammation in autoimmune and inflammatory diseases (Elliott et al., 2018;De Cicco et

al., 2020). Further, a previous study has shown that AEA induces MDSCs and cause
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immunosuppression during DTH response (Jackson et al., 2014a). There are two types of
MDSCs: Ly6G*Ly6C"™" granulocytic and Ly6G Ly6C"" monocytic (Bird, 2020). We
found that AEA increased the percentages of both these subsets but the granulocytic were
induced to a greater extent when compared to the monocytic. = There are many
mechanisms through which MDSCs mediate the suppression of inflammation. Tumor-
induced MDSC inhibit T cell proliferation by causing L-arginine depletion through
arginase-1 activity (Ostrand-Rosenberg and Fenselau, 2018) , and in the current study,
we did find that AEA induced increased expression of arginase-1. MDSCs also produce
immunosuppressive cytokines such as 1L-10 and TGF-p (Eggert et al., 2020), and we
found that AEA also induced increased expression of IL-10. The IL-10 produced by
MDSCs has also been shown to induce Tregs (Park et al., 2018), which is consistent with
the current study where we noted an increase in Tregs as well. It should be noted that
both LPS and SEB have been used as a model to study lung inflammation. While LPS
primarily induces neutrophils in the lungs, and SEB primarily induces mononuclear cells,
SEB can also trigger, to a lesser extent, neutrophils when compared to LPS (Neumann et
al., 1997). In the current study, we did not study the effect of AEA on neutrophils, which

is a limitation.

In recent years, several studies including those from our lab have shown the
critical role of miRNAs in gene expression (Singh et al., 2015;Alghetaa et al., 2018). We
have shown that miRNAs are involved in the regulation of immune responses and in the
upregulation of anti-inflammatory genes. However, there are limited studies on whether
endocannabinoid-mediated attenuation of inflammation is associated with alterations in

the miRNA of activated immune cells and there are no such studies in the regulation of
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inflammatory cells in the lungs seen during ARDS. In the current study, we, therefore,
investigated the role of AEA in the regulation of miRNAs in lung infiltrating MNCs. We
observed that treatment with AEA significantly altered the expression of several miRNAs
in lung MNCs. AEA treatment led to upregulation of 59 miRNAs and downregulation of
77 miRNAs in comparison to VEH-treated counterparts. Using IPA analysis, we were
able to narrow down our studies to miRNA-23a-3p which was downregulated and
targeted ARG1 and TGFP2 genes, while miRNA-34a-5p, also downregulated, targeted
the FOXP3 gene. It is interesting to note that we found in a previous study that THC
treatment was also able to decrease the expression of miRNA-34a-5p and induce FoxP3
(Mohammed et al., 2020a), similar to the action of AEA seen in the current study,
thereby suggesting that miRNA-34a-5p is a critical miRNA that may be downregulated
following treatment with cannabinoids such as THC and AEA. ARG1 encodes for
arginase produced by the MDSCs which inhibits T cell proliferation by L-arginine
depletion (Grzywa et al., 2020). These data were consistent with our observation that
AEA also increased the proportions of MDSCs in the lung MNCs. FOXP3 is a
transcription factor belonging to the forkhead/winged-helix family of transcriptional
factors and is considered a master regulator of the development of Tregs (Ono, 2020).
Moreover, it has been shown that FOXP3 expression is essential for Tregs development
and function in mice (Fontenot et al., 2003). Additionally, TGFB2 has been shown
previously to drive Treg induction (Becker et al., 2018) ). In this study, we observed that
treatment with AEA induced an increase in the percentages of FOXP3+ Tregs in the
lungs of mice injected with SEB, consistent with the miRNA data. Importantly, we

found using transfection studies involving mimic and inhibitor that miRNA-23a-3p
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targeted ARG1 and TGFB2 expression, while miRNA-34a-5p targeted the FOXP3. The
induction of Tregs and MDSCs by AEA is consistent with a previous observation that
cannabinoids are potent inducers of these immunosuppressive cells. For example, both
tetrahydrocannabinol (THC) and cannabidiol (CBD) have been shown to induce MDSCs
(Hegde et al., 2010;Hegde et al., 2011;Hegde et al., 2015;Rao et al., 2015b;Sido et al.,
2015a;Elliott et al., 2018;Mohammed et al., 2020a) . Also, AEA was shown to induce
MDSCs even in naive mice following i.p. injection through activation of mast cells to
release MCP-1 (Jackson et al., 2014a). There are not many reports on the role of
miRNA-23a on the regulation of inflammation. Interestingly, during septic insult,
miRNA-23a expression was found to be decreased which was associated with increased
autophagy and suppression of inflammatory mediators (Si et al., 2018). In this study,
miRNA-23a was shown to target Autophagy related 12 (ATG12), which regulates

autophagy(Si et al., 2018).

In summary, data from this study shows that AEA can effectively suppress SEB-
induced ARDS in mice. Upon analysis of molecular mechanisms, we observed the role of
miRNA-23a-3p in the regulation of TGF-B2 and ARG1 genes which in turn suppressed
the inflammatory properties of SEB-induced MNCs in the lung. Similarly, miRNA-34a-
5p directly regulates FOXP3 in lung infiltrating MNCs and the suppression of this
MiRNA by AEA might induce Tregs in the promotion of immune suppression following

exposure to SEB.
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Figure 2. 1: AEA attenuates SEB-induced ALI in mice. Mice were exposed to SEB
intra-nasally with a single dose of 50 pug/mouse on day 0. On days -1, 0 and 1, AEA or
VEH was given into these mice i.p at a dose of 40 mg/kg body weight. Mice were
euthanized on day 2 for various studies. (A) Showing clinical functions of the lung
including Specific Airways Resistance (SRAW), Specific Airways Conductance (SGAW),
and Minute per Volume (MV). (B) Comparison between the groups for the total number
of Mononuclear Cells isolated from the lungs. (C) Representative images of
histopathological H & E staining of excised lung tissue (20X magnification). (D)
Measurement of cytokines IL2, IL6, and TNFa in the serum. Five mice in each group
were used and the data confirmed in three independent experiments. *p< 0.05, p**<o0.01,
**%p< 0.001.
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Figure 2. 2: AEA decreases T cell subpopulations in the lungs and spleens. Mice
were treated with SEB and AEA as described in Fig 1 legend. Each panel shows a
representative experiment depicting lung MNCs and splenocytes analyzed for various T
cell markers. Data from 5 mice/group is presented in the form of vertical bars with
Mean+/-SEM. Panels A-D and E-H show data from the lungs and spleens, respectively.
(A) CD3+CD4+ T cells (B) CD3+CD8+ T cells, (C) CD3+Vp8+ T cells, (D)
CD3+NK1.1+ cells. Five mice in each group were used and the data was confirmed in

three independent experime. *p< 0.05, p**< o0.0l, *
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Figure 2.2: AEA decreases T cell subpopulations in the lungs and spleens. Mice
were treated with SEB and AEA as described in Fig 1 legend. Each panel shows a
representative experiment depicting lung MNCs and splenocytes analyzed for various T
cell markers. Data from 5 mice/group is presented in the form of vertical bars with
Mean+/-SEM. Panels A-D and E-H show data from the lungs and spleens, respectively.
(E) CD3+CD4+ T cells (F) CD3+CD8+ T cells, (G) CD3+Vp8+ T cells, (H)
CD3+NK1.1+ cells. Five mice in each group were used and the data was confirmed in
three independent experiments. *p< 0.05, p**< 0.01, ***p< 0.001.
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Figure 2. 3: AEA decreases T cell subsets in the splenocytes activated with SEB in
vitro. Spleen cells isolated from naive mice were pretreated with AEA in vitro followed
by activation with SEB, and then cultured for 24 (A-D) or 48 (E-H) hrs, and stained for
various markers. Each panel shows a representative experiment using flow cytometry
and the vertical bars depict data from groups of 5 mice with Mean+/-SEM. (A)
CD3+CD4+ cells. (B) CD3+CD8+ cells. (C) CD3+Vp8+ cells (D) CD3+NK+ cells. The
data was confirmed in three independent experiments. *p< 0.05, p**< o0.01.
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Figure 2.3: AEA decreases T cell subsets in the splenocytes activated with SEB in
vitro. Spleen cells isolated from naive mice were pretreated with AEA in vitro followed
by activation with SEB, and then cultured for 24 (A-D) or 48 (E-H) hrs, and stained for
various markers. Each panel shows a representative experiment using flow cytometry
and the vertical bars depict data from groups of 5 mice with Mean+/-SEM. (E)
CD3+CD4+ cells. (F) CD3+CD8+ cells. (G) CD3+Vp8+ cells (D,H) CD3+NK+ cells.
The data was confirmed in three independent experiments. *p< 0.05, p**< 0.0l.
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Figure 2. 4: AEA suppresses T cell activation markers in splenocytes activated with
SEB. The spleen cells were pretreated with AEA and then activated with SEB in vitro for
48 hrs as described in Fig 3 legend. The cells were stained for various activation
markers. Each panel shows a representative experiment using flow cytometry, and the
vertical bars depict percentage data from groups of 5 mice with Mean+/-SEM. (A)
CD3+CD69+ cells, (B) CD3+ cells, (C) CD69+25+ cells, (D) CD69+ cells, (E) CD44+
cells, (F) CD62L+ cells. *p<o0.05, p**<o0.0l, ***p<0.001.
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Figure 2. 5: AEA alters miRNA expression in the mononuclear cells isolated from
the lungs of SEB injected mice. Mice were treated with SEB and AEA as described in
Fig 1 legend. Isolated mononuclear cells of the lung were screened for miRNA
expression as described in methods (A). The heat map that shows all of the altered and
unchanged miRNAs in the VEH+SEB and AEA+SEB groups. (B) Diagram of miRNAs
with 1.5 fold change showing 59 miRNAs upregulated while 77 miRNAs downregulated.
(C) Networking of the miRNAs with their targeted genes including anti-inflammatory
genes, the map showing the main miRNAs including miRNA 23a-3p targeting ARG1 and
TGFp2 gene while miRNA 34a-5p targeting FOXP3 gene.
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Figure 2. 6: Validation of select mMiRNAs and targeted genes. Mice were treated
with SEB and AEA as described in Fig 1 legend. Mononuclear cells from the lungs of
both groups were isolated and screened for expression of miRNA expression with their
targeted genes by qRT-PCR. (A) Binding affinity between miRNA 23a-3p and targeted
genes including ARG1 and TGFp2. (B) miRNA 23a-3p expression. (C,D) Expression of
ARG1 and TGFp2. (E) Binding affinity between miRNA 34a-5p and targeted gene
FOXP3. (F) Expression of miRNA 34a-5p. (G) Expression FOXP3. Statistical
significances as p< 0.05, p**< 0.01, ***p< 0.001.
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Figure 2. 7: Validation of the genes targeted by miRNA 23a-3p and miRNA 34a-5p.
Splenocytes of C57BL6 mice, cultured and activated with SEB overnight were
transfected with mock, mimic and inhibitor of each of miRNA 23a-3p and miRNA 34a-
5p. gRT-PCR was used to detect the levels of targeted genes. (A) Expression of miRNA
23a-3p. (B) Expression of TGFB2 gene. (C) Expression of Arginase 1 gene (D)
Expression of miRNA 34a-5p. (E) Expression of FOXP3. Statistical significances as p<
0.05, p**<o0.01, ***p<o0.001.
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Figure 2. 8: AEA induces MDSCs and Tregs in the lungs of SEB administered mice.
Mice were treated with SEB and AEA as described in Fig 1 legend. The lung MNCs
were next stained for markers to detect MDSCs and Tregs. Each panel shows a
representative experiment depicting lung MNCs analyzed for various T cell markers.
Data from 5 mice/group is presented in the form of vertical bars with Mean+/-SEM. (A)
Cells double-stained for CD11b and Grl. A representative experiment using flow
cytometry(B) Cells double-stained for LY6C and LY6G. (C) Cells double-stained for
CD4 and FOXP3. (D) Cells double-stained for CD4 and IL10. (E) Cells from the spleens
were double-stained for CD11b and Grl. Vertical bars show data from 5 mice. (F) AEA-
induced MDSCs were incubated with splenic T cells that were activated with ConA at
different ratios to create different Tcell:MDSC ratios. T cell proliferation was assessed
by 3H- Thymidine Incorporation Assay. Data from 5 mice/group is presented in the form
of vertical bars with Mean+/-SEM. *p< 0.05, p**< 0.01, p***< 0.001
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Figure 2.8: AEA induces MDSCs and Tregs in the lungs of SEB administered mice.
Mice were treated with SEB and AEA as described in Fig 1 legend. The lung MNCs
were next stained for markers to detect MDSCs and Tregs. Each panel shows a
representative experiment depicting lung MNCs analyzed for various T cell markers.
Data from 5 mice/group is presented in the form of vertical bars with Mean+/-SEM. (A)
Cells double-stained for CD11b and Grl. A representative experiment using flow
cytometry (B) Cells double-stained for LY6C and LY6G. (C) Cells double-stained for
CD4 and FOXP3. (D) Cells double-stained for CD4 and IL10. (E) Cells from the spleens
were double-stained for CD11b and Grl. Vertical bars show data from 5 mice. (F) AEA-
induced MDSCs were incubated with splenic T cells that were activated with ConA at
different ratios to create different Tcell:MDSC ratios. T cell proliferation was assessed
by 3H- Thymidine Incorporation Assay. Data from 5 mice/group is presented in the form
of vertical bars with Mean+/-SEM. *p< 0.05, p**< 0.01, p***< 0.001
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Table 2. 1: Primer sequences used for RT-qPCR

Name of the gene Primer Sequence

GAPDH Forward 5- AGGTCGGTGTGAACGGATTTG-3
Reverse 5-TGTAGACCATGTAGTTGAGGTCA-3

FOXP3 Forward 5- CCCATCCCCAGGAGTCTTG-3
Reverse 5-ACCATGACTAGGGGCACTGTA-3

TGFp2 Forward 5-CTTCGACGTGACAGAGGCT-3
Reverse 5-GCAGGGGCAGTGTAAACTTATT-3

ARG1 Forward 5-CGGGTTAAATTCGGGTTATC-3

Reverse

5-CGAACTACCGCGATTCTAATC-3
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CHAPTER 3
Endocannabinoid Anandamide Attenuates Acute Respiratory Distress

Syndrome Through Modulation of Microbiome in the Gut-Lung Axis

3.1 ABSTRACT

ARDS is a serious lung condition characterized by severe hypoxemia leading to
limitations of oxygen needed for lung function. In this study, we investigated the effect of
AEA, an endogenous cannabinoid, on SEB mediated ARDS in the mouse. Single Cell
RNA sequencing data showed that the lung epithelial cells from AEA treated mice
showed increased levels of Anti-Microbial Peptides (AMPs) and tight junction proteins.
Miseq sequencing data on 16s RNA and LeFSe analysis demonstrated that SEB caused
significant alterations in the microbiota with increases in pathogenic bacteria both in the
lungs and the gut while treatment with AEA reversed this effect and induced beneficial
bacteria. AEA treatment suppressed inflammation both in the lungs as well as gut-
associated mesenteric lymph nodes (MLNs). AEA triggered several bacterial species that
produced increased levels of SCFAs, including butyrate. Also, administration of butyrate
alone could attenuate SEB-mediated ARDS. Taken together, our data indicate that AEA
treatment attenuates SEB-mediated ARDS by suppressing inflammation and preventing
dysbiosis both in the lungs and the gut through the induction of AMPs, tight junction
proteins, and SCFAs that stabilize the gut-lung microbial axis driving the immune

homeostasis.
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3.2 INTRODUCTION

ARDS is defined as a form of respiratory failure that is caused by a variety of
insults including pneumonia, sepsis, trauma and certain viral infections (Nagarkatti et al.,
2020). One of the common features of ARDS includes hyperactivation of immune
response systemically and in the lungs leading to the development of pulmonary edema,
alveolar damage, and respiratory failure (Nagarkatti et al., 2020). ARDS is considered to
be a major health problem in the field of clinical respiratory medicine worldwide
(Confalonieri et al., 2017). ARDS affects approximately 200,000 patients every year in the
United States and causes over 75,000 deaths annually (Fan et al., 2018). Thus, it is difficult to
treat ARDS and nearly 37% of the ARDS patients die annually. Globally, 10% of
intensive care unit admissions represent ARDS, which account for over 3 million patients

annually (Fan et al., 2018).

COVID-19 caused by SARS-CoV2 has triggered global pandemic with more
than 209 million infections and has killed over 4 million people to date. People who get
the severe form of COVID-19 develop ARDS and manifest systemic hyperimmune
response with cytokine storm which is difficult to treat leading to high rates of mortality.
While the precise cause of hyperimmune response is unclear, there is evidence to support
the possibility that hyperactivation of immune response may result from alterations in the
microbiota and advancement of secondary infections. The prevalence of coinfection can

account for up to 50% among patients who die from COVID-19 (Lai et al., 2020). The
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coinfection can result from pathogens such as Streptococcus pneumoniae, Staphylococcus
aureus, and Klebsiella pneumoniae (Lai et al., 2020). Staphylococcus produces
Staphylococcus enterotoxin B (SEB) that acts as a superantigen thereby activating a large
proportion of T cells, causing cytokine storm, ARDS, multiorgan failure and often death
(Taub and Rogers, 1992;Lang et al., 2003;Sultan et al., 2021). Staphylococcus
Enterotoxins produced by Staphylococcus aureus is also known to cause food poisoning
and toxic shock syndrome (Pinchuk et al., 2010). Staphylococcus Enterotoxin B (SEB) is
classified as a biological threat agent due to its ability to cause fatal toxic effects
(Verreault et al., 2019). Our laboratory has investigated multiple murine models of SEB-
mediated ARDS and has found that cannabinoids are highly effective in attenuating

ARDS (Rao et al., 2015b;Mohammed et al., 2020a;Sultan et al., 2021) .

Cannabinoids are compounds that activate two types of G-protein-coupled
receptors, CB1 and CB2 that are expressed primarily in the CNS, and cells of the immune
system, respectively (Nagarkatti et al., 2009;Cristino et al., 2020). They are found
naturally produced in the body (endocannabnoids) or in the cannabis plant
(phytocannabinoids). The cannabis plant has over 120 phytocannabinoids of which A9-
tetrahydrocannabinols (THC) is very well characterized for its ability to activate CB1 and
thereby mediate psychoactive properties. THC can also activate the CB2 receptors
expressed on immune cells and mediate anti-inflammatory effects (Becker et al.,
2020;Mohammed et al., 2020a;Becker et al., 2021). The endocannabinoids, which are
host-derived lipid hormones, are found in all tissues, organs and bodily fluids and control
a wide range of physiological functions including appetite, pain, sleep, mood and

memory(Finn et al., 2021;Rahman et al., 2021). The two most well-studied
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endocannabinoids are the arachidonic acid derivatives, N-arachidonoylethanolamine
(AEA) and 2-arachidonoylglycerol (2-AG). We and others have shown that
endocannabinoids can also act as potent anti-inflammatory agents (Pandey et al.,
2009;Jackson et al., 2014a;Sido et al., 2016;Ahmed et al., 2021;0safo et al., 2021).
Recently, we demonstrated that AEA can attenuate SEB-mediated ARDS in the mouse
model by targeting miRNA which trigger anti-inflammatory pathways involving
immunosuppressive cells such as the MDSCs and the Regulatory T cells (Tregs) (Sultan
et al., 2021). Recent studies have shown that the diversity of the gut microbiota may be
regulated by endocannabinoids (Finn et al., 2021;Minichino et al., 2021). This raises an
important question of whether endocannabinoids can alter the microbiota in the gut and
the lungs during ARDS thereby providing increased protection from pathogenic bacteria
as well as by suppressing hyperinflammation. In the current study, we tested this
hypothesis and our results demonstrated that AEA-mediated attenuation of SEB-induced
ARDS may result from causing increased abundance of beneficial bacteria that produce
SCFA that are anti-inflammatory and by inducing AMPs and tight junctions proteins that
prevent the emergence of pathogenic bacteria. The current study also provides evidence

on the cross talk of the microbiota in the gut-lung axis during ARDS.

3.3 MATERIALS AND METHODS
Mice housing and grouping

Female C57BL/6 mice, 6-8 weeks old, were purchased from Jackson
laboratories. Mice were housed at a density of 5 animals per cage under pathogenic—free
conditions in the Animal Resource Facility (ARF) at the University of South Carolina

School of Medicine. These studies were approved by the Institutional Animal Care and
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Use Committee (IACUC). Mice were housed under a 12-hour light/dark cycle at 18-23°C
and 40-60% humidity. The mice were randomized and then assigned for specific
treatments.
Induction of SEB-mediated ARDS in mice and treatment with AEA

ARDS was induced in mice as described previously (Rieder et al., 2011;Sultan et
al., 2021). Mice were given a single dose of SEB intranasally at a concentration of
50 pg/mouse in 25 pl of Phosphate Buffer Saline (PBS) on day 0. On day-1, AEA
(40 mg/kg body weight ) or vehicle (VEH) was given into these mice by the intra-
peritoneal (I.P.) route. AEA dissolved in ethanol (50 mg/ml) and was diluted further in
PBS. Each mouse received 0.1 ml consisting of 84 ul of PBS and 16 pl of ethanol
containing AEA. The vehicle controls (VEH) received 0.1 ml consisting of 84 ul of PBS
and 16 pl of ethanol without AEA. The dose of AEA was based on our previous studies
demonstrating that 40 mg/kg body weight of AEA attenuated T cell-mediated delayed-
type hypersensitivity response and SEB-mediated ARDS (Jackson et al., 2014a). The
treatment with AEA was repeated on day 0 (SEB exposure day), and day 1. Mice were
euthanized on day 2 (48 h after SEB exposure) for various studies.
Evaluation of lung function in mice

To evaluate the effect of AEA on the functions of the lung, the whole-body

plethysmography (Buxco, Troy, NY, USA) was used as described previously (Elliott et
al., 2016). In brief, mice from each group were first restrained, in a plethysmography tube
and were allowed to acclimatize. The clinical parameters of the lung including peak
Inspiratory Flow (PIF), Peak Expiratory Flow (PEF), and Tidal Volume (TV) were

evaluated.
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Collection of Serum and Broncho Alveolar Lavage Fluid (BALF)
To collect blood, mice were kept under anesthesia and then were bled through the
retroorbital orifice. Broncho Alveolar Lavage Fluid (BALF) was collected as previously
described (Rao et al., 2015a), Briefly BALF was collected 48 hrs. post-SEB exposure,
after the mice were euthanized. The lung was excised as an intact unit along with the
trachea. To collect BALF, sterile ice-cold PBS was injected through the trachea.
Lung and Colon Histopathology

The lung and colon were excised after perfusion and the tissues were kept directly
in 10 % formalin followed by embedding the tissues in paraffin. The sections of lungs
and colon were cut in the Core facility and then processed for Hematoxylin and Eosin (H
& E) staining as described previously (Sultan et al., 2021). Briefly, the lung and colon
tissues were first mounted on glass slides and then the slides were transferred into xylene
to deparaffinized the tissue sections. The tissue sections were then rehydrated in alcohol
(100%, 95%, and 90%). The sections were finally stained with H & E and followed by
dehydration. H & E-stained sections were analyzed using KEYENCE (IL-US) digital
microscope VHX-7000. Histopathological scoring parameters for lung and colon were
evaluated as previously described (Akgun et al., 2005;Matute-Bello et al., 2011).
Capillary Leak Measurement

Evans blue assay was used to measure the capillary leak as described previously
(Rieder et al., 2012). Mice were injected intravenously with 1% Evans blue dye in PBS.
The mice were sacrificed under general anesthesia after 2 hours. The lungs were removed
after perfusion with heparinized PBS and transferred in formamide and kept at 37°C for

24 hrs. The calculation of leaked dye was measured by determining the absorbance of
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supernatant at 620 nm and then following equation was applied to calculate the percent
increase in the capillary leak: (OD sample-OD control )/OD control)*10.
Gut Leakage Measurement

Gut permeability in vivo was measured as described previously (Busbee et al.,
2020). Briefly, C57BL/6 mice were administered FITC dextran (Sigma Aldrich)
dissolved in 100 ul of PBS by oral gavage, then four hours later, blood was collected
from mice and then the concentration of FITC-dextran was determined using
spectrophotometer (PerkinElmer Life Science) with excitation wavelength at 480 nm.
Isolation of Mesenteric Lymph Nodes (MLNs) and Flow cytometric analysis

MLNs were isolated from euthanized mice and single cells were prepared in
complete medium following squeezing the tissue through Stomacher 80 Biomaster
blender (Steward, FL, USA). The cells were filtered using 70 um filter and centrifuged
for 10 mins, at 1300 rpm. The pellet was resuspended in complete medium, and the cells
were counted using Bio-Rad TC 20 automated cell counter (Herculus-CA-USA).
The MLN cells were stained using fluorescent conjugated antibodies (anti-CD3 Brilliant
Violet 785, anti-CD4 Phycoerythrin (PE), anti-CD8 Alexa Fluor 700, anti-VB8 FITC
(Fluorescein isothiocyanate), anti-NK1.1-PE/Dazzle. The staining of cells for dual
markers was performed as described previously (Abdulla et al., 2021a). In brief, Fc
receptor block was added to the MLN cells and incubated for 10 mins at room
temperature followed by staining of the cells using appropriate antibodies and then
incubated at 4°C for 20-30 minutes. Stained cells were washed twice with cold PBS

containing 2% Fetal Bovine Serum (FBS) Staining buffer.
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Single Cell RNA Sequencing (scRNA-seq) and Analysis

SCRNA-Seq was performed as describe previously (Teodoro et al., 2020). The
whole lung tissue from mice were smashed using a Stomacher 80 Biomaster blender
(Steward, FL, USA). The tissues were then filtered with a 70 pum filter twice and then
centrifuged at 1300 RPM for 7 minutes. Cell pellets were treated with RBC lysis on ice
for five minutes, and then washed twice in 10x buffer. Dead cells were removed using a
Stem Cell Technologies dead cell removal kit (STEM CELL,sunrise-FL-USA) and the
cell viability was measured using TC 20 automated cell counter. The cell viability was
92-95%. A target number of 3000 cells from each group was then loaded into the
Chromium Controller (10x Genomics) and 10X Genomics was used to process the cells.
Following the manufacturer’s protocol, the chromium single cell 5’ reagent kits (10 x
Genomics) were used to process samples into single-cell RNA-seq (SCRNAseq) libraries.
The sequencing of these libraries was performed using the NextSeq 550 instrument
(IMlumina) with a depth of 20-50 k reads per cell. The base call files generated from
sequencing the libraries were then processed in the 10 x Genomics Cell Ranger pipeline
(version 2.0) to create FASTQ files. The FASTQ files were then aligned to the mm10
mouse genome, and the read count for each gene in each cell was generated. Each group
was aggregated using the aggr pipeline in Cell Ranger, and the output was browsed in
Loupe Browser 4.2.0. This allowed us to identify clusters and illustrated the differentially
expressed genes between each cluster and groups.

Miseq Sequencing of Gut-Lung Axis

First, the microbial DNA from the cecal flush were isolated as described

previously (Mohammed et al., 2020b;Alghetaa et al., 2021). In brief, genomic DNA from
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the colon samples were isolated using QlAamp DNA Stool Mini Kit and following the
protocol of the company (Qiagen). DNA from lungs tissue were isolated using ZR
Bacterial DNA MidiPrep from Zymo Research and following the manufacturer's
instructions. The concentration of DNA was determined using Nanodrop (Thermo Fisher
Scientific, Waltham, MA). The isolated DNA was either used immediately or stored at
—20°C for use in future. The 16S rRNA sequencing was performed on V3- V4
hypervariable regions of bacterial DNA of both lungs and gut. Amplification of DNA
was performed, and Illumina adapter overhang nucleotide sequences (San Diego, CA)
were added. The sequencing was then performed on Illumina MiSeq Platform and as

described previously (Mohammed et al., 2020c).

Quantitate -Real Time Polymerase Chain Reaction (QRT-PCR)
gRT-PCR was performed as described previously (Abdulla et al., 2021b;Sultan et

al., 2021). Briefly, cDNA was synthesized from total RNAs using miScript Il RT kit
from Qiagen and following the protocol of the Qiagen company (Germantown-MD-

USA). The details of primers used are presented in Table 3.1.

Identification and Quantification of Short Chain Fatty Acids (SCFA)

Quantification of SCFAs was performed as described previously (Mehrpouya-
Bahrami et al., 2017). Briefly, 100 mg of cecal content was collected and then acidified
by metaphosphoric acid and kept on ice for 30 mins. Centrifugation at 12000x g for 15
min at 4°C was performed and then supernatant was collected and filtered using MC
filters at 12000x g for 4 mins at 4°C. The filtered samples were then transferred into glass

vials then Methyl Tert Butyl Ether (MTBE) purchased from Sigma Aldrich
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(St.Louis,MO-United States) was added and were centrifuged at 1300 rpm for 5 mins at
RT. The top organic layer was transferred to a new vial. The standard mixtures and
internal standards were used to detect the response factors and linearity for each SCFA
standard acid. To perform analysis of SCFAs, HP 5890 gas chromatography configured
with a flame-ionization detector (GC-FID) was used and 0.1mM 2-ethyl butyric acid was
used as an internal standard (IS) for all samples and standards. To quantify, the

concentration of SCFA, Varian MS workstation (version 6.9.2) was used.

Pretreatment with Butyrate and treatment with SEB.

Mice were treated with butyrate or vehicle (PBS) through oral gavage on day -1 at
a dose of 200 mg/kg. On day 0, mice were given another dose of butyrate with same
dose and 3 hrs later, the mice received 50 [1g SEB in 25 ul of PBS intranasally. On day
1, these mice received another dose of butyrate or vehicle based on the groups. The mice
were then euthanized on day 2 (48 hrs after SEB exposure) for further analysis of ARDS.

Dose was based on our previous studies (Abdulla et al., 2021a).

Statistical Analysis

We used Graph Prism Software (San Diego, CA, United States). In this study, t-
test was applied to compare the two groups, while One-way ANOVA with post-hoc
Tukey’s test to compare between three groups. Data were expressed as Mean = SEM and
statistically significant differences were illustrated in figures as *p<0.05, **p<0.01,

**%p<0,001, ****p<0.0001.
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3.4 RESULTS
Anandamide attenuates SEB-mediated inflammation in the lungs
Recently, we reported that AEA attenuates SEB-mediated acute lung injury

(Sultan et al., 2021). The goal of this study was to explore the role of microbiota in this
model, and to that end, we first performed experiments that corroborated our previous
findings that AEA can suppress inflammation in the lungs and improve lung functions
following exposure to SEB. Mice were exposed to SEB+ Veh or SEB+AEA as described
in Methods and 48 hr later, the lung functions were evaluated using Buxco Instrument
System. Peak Inspiratory Flow, Peak Expiratory Flow and Tidal VVolume were measured.
All parameters significantly improved in SEB+AEA, when compared to SEB+VEH
(Figure 3.1 A-C). These data demonstrated the ability of Anandamide to improve lung
functions affected by SEB exposure. Next, we analyzed for the expression of IL-6, a key
cytokine induced during ARDS by SEB (Mohammed et al., 2020d) and found that it was
highly induced following SEB treatment and was significantly attenuated following
treatment with AEA both in the serum (Figure 3.1 D) and BALF (Figure 3.1 E).
Effect of Anandamide on the Lung and Colon in SEB- exposed mice

Because SEB causes systemic cytokine storm and pathogenesis, we tested the effect
of Anandamide (AEA) on lung and colon in SEB-exposed mice. Histopathological
analysis and scores of the lungs demonstrated that AEA decreased the infiltration of
inflammatory cells in SEB +AEA group, when compared to the SEB+VEH group
(Figure 3.2A). Interestingly, data obtained from the colon demonstrated that SEB
exposure caused significant infiltration of inflammatory cells in the colon of SEB+VEH

group, when compared to Naive group. AEA treatment decreased the SEB-mediated
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infiltration of the inflammatory cells in the colon (Figure 3.2 B). Upon analysis of
vascular and gut leakage, we noted that Anandamide significantly decreased the leakage
in the lungs (Figure 3.2D) and the gut (Figure 3.2E) in the SEB+AEA group, when

compared to SEB+VEH group.

Anandamide attenuates SEB-activated T cells in the mesenteric lymph nodes

(MLNs)

To further investigate the effect of AEA on gut-associated immune response, we
analyzed the effect of AEA on the mesenteric lymph nodes (MLNSs). The data showed
that AEA significantly decreased the percentage and absolute numbers of CD4+ T cells,
CD8+T cells, VI18+ T cells, and NK T cells in the SEB+AEA group, when compared to
SEB+VEH group of mice (Figure 3.3 A-D).

ScCRNA-seq of cells isolated from the lungs

Using scRNA-seq we first looked at the different types of cell clusters in the
lungs of SEB+VEH and SEB+AEA mice. As seen from Figure 3.4A we detected 12
different types of cells isolated from the lungs and criteria used is detailed in the Figure
legend. The data showed that some of the cell clusters were different between the
SEB+VEH vs SEB+AEA group. Of significant note, there was an increase in the cluster
numbered 6 (Regulatory cell 2) in SEB+AEA when compared to SEB+VEH, consistent
with our previous studies that AEA induces Tregs (Sultan et al., 2021). Also, there was
significant decrease in the clusters numbered 8 and 9 (Macrophages 2 and 3 respectively)
in SEB+AEA group when compared to SEB+VEH. Lung epithelial cells play an
important role such as barrier protection, fluid balance, clearance of particulate matter,

and protection against infection (Guillot et al., 2013). Furthermore, they produce
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antimicrobial peptides (AMPs), which act as antibiotics to kill pathogenic bacteria
(Beisswenger and Bals, 2005). We therefore performed scRNA-seq of epithelial cells
(cluster 10) from the lungs to study the expression of AMPs. The data demonstrated that
AEA significantly upregulated the expression of AMP-related genes in the lung epithelial
cells (Figure 3.4B). The AMP-related genes including Tracheal Antimicrobial Peptide
(TAP1) (Figure 3.4B), Tracheal Antimicrobial Peptide 2 (TAP2) (Figure 3.4C),
Lysozyme 2 (LYZ 2) (Figure 3.4D), and murine Beta Defensin 2 (MBD2) (Figure
3.4H). We also noted increased expression of tight junction proteins such as Claudin 1
(CLDN1) (Figure 3.4F) and Cadherin 1(CDH1) (Figure 3.4G), as well as Secretory
Leukocyte Peptidase Inhibitor (SLPI) (Figure 3.4E) in SEB+AEA group when compared
to the SEB+VEH group. Moreover, these data were confirmed by performing g-RT-PCR
(Figure 3.4B-H).

The effect of AEA on microbial profile in the lungs and the gut

Because we noted significant induction of AMPs following AEA treatment, we
next investigated the microbial profile in the lungs and the gut following SEB treatment.
SEB treatment increased the abundance of microbiota in the lungs, and AEA significantly
reversed this as shown using Chaol rare fraction measure (Figure 3.5A). Beta diversity
analysis that measures the similarity or dissimilarity between various groups showed that
all 3 groups were well separated, with the SEB+AEA group clustered away from the
SEB+VEH group (Figure 3.5B). Additionally, Caulobacterales and Pesudomonodales
at the level of order, were significantly decreased in the SEB+AEA group when
compared to SEB+VEH (Figure 3.5 C, D). To distinguish significantly altered bacteria

among the three groups, Linear discriminant analysis effect size (LefSe) analysis (Figure
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3.6A) was performed and the corresponding cladogram (Figure 3.6B) was generated.
Data showed that there were several bacteria found to be distinctly expressed in each of
the 3 groups. Our LefSe analysis of the lungs indicated that beneficial bacteria such as
Muribaculaceae(s24-7) was indicated in the SEB+AEA group only. Also, some
beneficial bacteria such as Lachnospiraceae, Clostridia which produce butyrate were
indicated in the SEB+AEA group but not in the Naive or SEB+VEH group.
Interestingly, some pathogenic bacteria such as Pseudomonas and Enterobacteriaceae

were indicated in the SEB+VEH group only but not in the Naive or SEB+AEA.

Role of Anandamide in the regulation of microbial dysbiosis in the Gut

Previously we have shown that there is cross talk between the gut and lung
microbiota which regulates ARDS (Alghetaa et al., 2021). To that end, we investigated if
SEB caused similar alterations in the gut and if AEA would reverse these changes. SEB
treatment decreased the abundance of microbiota in the gut and AEA failed to reverse
this as shown using Chaol rare fraction measure (Figure 3.7A). Beta diversity analysis
showed that all 3 groups were well separated with the SEB+AEA group clustered away
from the SEB+VEH group (Figure 3.7B). The analysis of microbiota using MiSeq of
16s-RNA of microbiota of the gut indicated that Anaeroplasmatacae at the family level
and Tenericutes at the phylum level were significantly increased in the SEB+VEH group
when compared to the naive mice, and treatment with AEA reversed this change (Figure
3.7 C-D). To distinguish significantly altered bacteria among the three groups, LefSe
analysis (Figure 3.8A) was performed and the corresponding cladogram (Figure 3.8B)
was generated. Our LefSe analysis of the gut indicated that Muribaculaceae (S24-7) was

indicated in the gut of SEB+AEA group. Anaeroplasma and Tenericutes which are
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pthogenic bacteria, were seen in the gut of SEB+VEH only but not in the Naive or
SEB+AEAgroup. These data showed that there were distinct bacteria found to be

uniquely expressed in each of the 3 groups (Figure 3.8).

Effect of Anandamide on Short Chain Fatty Acids SCFAS) in the Gut

Gut microbiota are known to produce SCFAs that suppress inflammation (Dang
and Marsland, 2019;Kim, 2021). To that end, we measured the levels of SCFAs in
Naive, SEB+VEH and SEB+AEA and we found that Butyric acid, Valeric acid and Iso-
Valeric acid levels were significantly decreased in the SEB+VEH group when compared
to the naive mice while in the SEB+AEA group, the levels of these SCFAs increased
significantly when compared to SEB+VEH group (Figure 3.9).
The Role of Butyrate in the Amelioration of SEB-mediated ARDS

We next tested the role of butyrate in attenuating ARDS by directly administering
it into SEB-injected mice. The data showed that administration of butyrate significantly
improved the SEB-mediated ARDS as seen from decreased infiltration of inflammatory
cells and histological scores in the lungs (Figure 3.10A). The Butyrate also improved the
clinical lung parameters such as Specific Airways Resistance (Figure 3.10B) and

Specific Airways Conductance (Figure 3,10C).
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3.5 DISCUSSION

ARDS is a hypoxemic respiratory failure characterized by severe lung
inflammatory responses leading to high mortality that may reach up to 60% (Fan et al.,
2018). ARDS is triggered by a variety of insults such as pneumonia, sepsis, trauma and
certain viral infections. SARS-CoV-2 infection that causes COVID-19 has also been
shown to trigger viral pneumonia leading to ARDS in patients with the severe form of
the disease (Gibson et al., 2020). ARDS can also cause alterations in the microbiota in
the lungs leading to secondary infections. The prevalence of coinfection varies among
COVID-19 patients as indicated in different studies, but it can account for up to 50%
among patients who die from COVID-19 (Lai et al., 2020). The co-pathogens
include Staphylococcus aureus (Lai et al., 2020) which produces SEB that can also
promote ARDS and cytokine storm. Thus, characterization of lung microbiome is an
important aspect to understand the mechanisms involved in ARDS. SEB can also alter
the gut microbiota and thereby alter the lung-gut axis that drives the immune
homeostasis. It is for these reasons, the current study focused on the role of SEB in
altering the microbiota in the lungs and the gut, and further address if AEA-mediated
attenuation of ARDS is associated with microbiome profile. It should be noted that the
effect of AEA on microbiota in the gut and lungs has not been investigated before.

The results obtained from the current study based on clinical lung parameters
were consistent with our previous studies (Sultan et al., 2021) demonstrating that AEA

treatment significantly improved all the parameters of ARDS in the lung including peak
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inspiratory flow, peak expiratory flow, and tidal volume. In the current study, the
expression of I1L-6, one of the proinflammatory cytokines, was significantly increased in
mice with ARDS, and AEA treatment significantly decreased IL-6 expression in both
serum and BALF of mice. IL-6 has been shown to be highly expressed in respiratory
infections including SARS-CoV-2/COVID-19 patients and other respiratory infections

(Gubernatorova et al., 2020;McGonagle et al., 2020).

AMPs are produced primarily by the epithelial cells that play an important role in
host defense against infections (Geitani et al., 2020). AMPs have been applied as a
therapeutic agent against lung infections (Mahlapuu et al., 2016). In the current study,
using scRNAseq, we found that AEA increased the expression of several AMPs by the
lung epithelial cells. TAP1 and TAP2 are among the AMPs produced by lung epithelial
cells exclusively in the respiratory system that are specifically protective against
pathogens such as Pseudomonas spp (Diamond et al., 1991;Diamond et al., 1993). SLPI
which has also been shown previously to play an important role against pathogenic
bacteria including Pseudomonas during respiratory infections (Weldon et al.,
2009;Camper et al., 2016). Interestingly, in the current study we noted that SEB+VEH
group had increased abundance of Pseudomonas spp while it was absent in the naive and
SEB+AEA group. These data suggested that SEB may promote the growth of
Pseudomonas and that AEA may suppress its growth by inducing AMPS. Additionally,
mBD2 which is an antimicrobial peptide not only inhibits the growth of pathogenic
bacteria such as Pseudomonas aeruginosa, but also promotes macrophage functions (Wu
et al., 2018). In the current study, we noted that AEA treatment increased the expression

of mBD2 which was associated with decreased Pseudomonas in SEB+AEA group when
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compared to SEB+VEH group. Similarly, LYZ2, another AMP which was induced by
AEA has been shown to play a key role in increasing bacterial killing in the lungs and
prevent the spread of the infection (Akinbi et al., 2000;Jaeger et al., 2020). Additionally,
S24 7 (Muribaculaceae) which is a beneficial bacteria (Ormerod et al.,
2016;Lagkouvardos et al., 2019) was seen in the SEB+AEA group in both the gut and the
lungs suggesting that there may be a cross talk between gut and lung microbiome. Our
Lefse analysis indicated that Enterobacteriaceae and Pseudomonas which were both
indicated in the lungs of SEB+VEH group but not in the naive or SEB+AEA, and it is
interesting to note that they are considered as a cause for pneumonia and lung diseases
(Karnad et al., 1987;von Baum et al., 2010). Additionally, Tenericutes which is
considered to be pathogenic (Clarke et al., 2012)was indicated in the SEB+VEH only but
not in the Naive or SEB+AEA of the gut. Lachnospiraceae and Clostridia which are one
of the main producers of butyrate (Guo et al., 2020) were indicated after AEA treatment
but not in SEB+VEH group. Together, these data suggested that SEB may trigger
harmful bacteria, and AEA not only prevents these but also induces beneficial bacteria in

the lungs and the gut.

Tight junctions plays an important role in the intestinal barrier functions which
control the permeability (Rober et al., 2018, Adam et al., 2020). In the current study, we
noted that Claudin and E-cadherin were upregulated by AEA. CLDNL1 is one of the main
tight junctions that maintains the intestinal epithelial homeostasis (Fernando et al.,2018).
Decrease in CLDNL1 expression leads to an increase in the leakiness during lung injury

(Desin et al, 2020). E-cadherin (CDH1) plays a critical role in the epithelial cell barrier
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functions (Jefferson et al 2015) and losing of E-cadherin function can lead to respiratory
disorders (Post et al., 2018).

Crosstalk in the Gut-Lung Axis is one of the important pathways to maintain the

immune homeostasis (Enaud et al., 2020). Physiological pathways of gut-lung axis are
considered as bidirectional and establish a well-maintained relationship between gut and
lung as well as playing a crucial role in maintaining the health and homeostasis (Silver et
al., 2021). Gut-Lung Axis has been investigated before including previous studies from
our lab indicated that cannabinoids, specifically THC, was able to modulate the
microbiome profile of both gut and lung in a similar way during ARDS (Mohammed et
al., 2020c). To date, there are no studies showing the immune modulation effect of the
endocannabinoid, AEA, on the microbiome profile of the Gut-Lung axis.
In the current study, we noted that some bacteria were common in both the lungs and the
gut of naive mice such as Betaproteobacteria. Also, S24_7 (Muribaculaceae) beneficial
bacteria, was seen both in the lungs and the gut of SEB+AEA group. These findings
supported the concept of a cross talk between gut and lung microbiome.

Our study also indicated that AEA treatment led to a decrease in the abundance of
the order Pseudomonas and Caulobacterlaes, which are both considered to cause human
respiratory tract infections (Li et al., 2020;Mohammed et al., 2020c). In the current
study, we also noted that there was increased abundance in the gut, the
family Anaplasmataceae, which are a-proteobacteria, classified in the order
Rickettsiales, and currently contains five genera, some of which contain members that are
known to infect humans (Patterson et al., 2021) Anaplasmataceae members are well

recognized for causing tick-borne life-threatening zoonotic diseases in the United States
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(Patterson et al., 2021). Thus, it was interesting to note that AEA prevented the increase
in Anaplasmataceae induced by SEB. We also noted that SEB caused an increase in the
phylum Tenericutes in the gut, which consist of wall-less bacteria. Their members
establish commensal or highly virulent relationships in animals and humans (Skennerton
et al., 2016). Also, in the lungs, SEB caused an increase in Caulobacteraceae which are
gram-negative proteobacteria that can include a variety of pathogenic bacteria (Liu et al.,
2021) as well as an increase in Pseudomonadales, some members of which are pathogens
(do Nascimento et al., 2020). Interestingly, AEA reversed the effect of SEB on these
bacteria. In the current study, we also noted that AEA treatment increased the
abundance of S24 7, currently called Muribaculaceae, a family of bacteria within the
order Bacteroidales (Lagkouvardos et al., 2019). These bacteria are normally found in
the gut (Lagkouvardos et al., 2019) but interestingly, we also found these in the lungs of
AEA treated mice which also suggested gut-lung axis and crosstalk.  Also,
Muribaculaceae are known to promote fermentation pathways to produce SCFAs (Smith
et al., 2019), which was also found to be increased following AEA treatment.

In this study, analysis of gut microbiome as well as LefSe demonstrated that
AEA treatment increased the Bacteroidetes and Clostridia, which are the main bacteria
that produce butyrate (Chai et al., 2019). Additionally, we found that AEA induced the
abundance of Lachnospiraceae, a family of anaerobic bacteria in the order Clostridiales
that ferment diverse plant polysaccharides to SCFA (Vacca et al., 2020), which were
found to be increased in mice treated with AEA. Thus, the gut-lung axis may allow the
SCFA to get access into the blood stream, and into the lungs and suppress inflammation

in the lungs. To that end our studies also demonstrated that direct administration of
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butyrate into SEB-injected mice, suppressed the ARDS. Sodium Butyrate is very well
known for its anti-inflammatory and immune modulatory properties (Marjitie et al 2019).

Lymph nodes are considered as the site of immune response initiation against
pathogens (Buettner and Bode, 2012). Previous studies from our lab have demonstrated
the role of MLNs in the modulation of microbiome (Adulla et al., 2021). Another
important study has shown that mesenteric lymph nodes significantly attenuated
inflammatory biomarkers of the lung to preserve the barriers in a septic model of rats
(Liu et al., 2020). Additionally, another study demonstrated that gut-associated lymph
nodes serve as a main source for initiation of systemic inflammatory responses
specifically against acute lung injury (Jin et al., 2020). Thus, in the current study, we
investigated the immune responses in MLNs specifically the response of T cells after
AEA treatment. AEA significantly decreased the T cell subsets including CD4+T cells,
CDS8+T cells, VII8+ T cells, and NK+ T cells in the MLNs, when compared to
SEB+VEH group

In summary, the current study demonstrates that SEB, a bacterial superantigen,
induces ARDS triggering inflammation not only in the lungs but also in the gut.
Interestingly, SEB also caused alterations in the lung and gut microbiota, specifically
causing an abundance of pathogenic bacteria such as Pseudomonas while AEA reversed
this effect. AEA induced several antimicrobial peptides and it is likely that this effect
may have prevented the emergence of pathogenic bacteria following SEB treatment.
AEA also promoted the abundance of beneficial bacteria that produce SCFAs such as
butyrate. Thus, AEA may attenuate SEB-mediated ARDS not only through direct

suppression of inflammation in the lungs but also by altering the microbiota in the lungs
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and the gut. Our studies also suggest that increasing the endogenous AEA through use of
inhibitors such as Fatty Acid Amide Hydrolase (FAAH) may serve as effective treatment

modalities against ARDS.
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Figure 3. 1: AEA improves the clinical symptoms of ARDS in the lungs induced by
SEB. On day -1, 0, and 1, mice received 40mg/kg of AEA or VEH i.p. and SEB at a dose
of 50 ug/mouse intranasally on day 0. Mice were euthanized 48 hrs after SEB exposure.
The lung functions were assessed using Plethysmography. The data shown include
clinical functions of the lung including (A) Peak Inspiratory Flow, (B) Peak Expiratory
Flow, and (C) Tidal Volume (TV). (D) Measurement of cytokines IL6, in the sera and
BALF. Seven mice in each group were used and the data confirmed in three independent
experiments. *p< 0.05, p**< 0.01, ***p<0.00
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Figure 3. 2: AEA decreases inflammatory parameters of Gut and Lung. Mice were
treated with SEB and AEA as described in Fig 1 legend. (A) Representative
histopathological images and scores for the lung sections of Naive, SEB+VEH,
SEB+AEA mice stained with H & E. (B) Representative histopathological images and
scores for the colon tissue from Naive, SEB+VEH, SEB+AEA mice. (C) Gut leakage in
the gut. (D) Capillary Leakage in the lung of Naive, SEB+VEH and SEB+AEA. Five
mice in each group were used and the data was confirmed in three independent
experiments. *p< 0.05, p**< 0.01, ***p<0.001.
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Figure 3. 3: AEA decreases T cell subpopulations in the MLN. Mice were treated
with SEB and AEA as described in Fig 1 legend. Each panel shows a representative
experiment depicting MLN analyzed for percentages of various T cell markers. The data
on total cellularity from 5 mice/group is presented in the form of vertical bars with
Mean+/-SEM. (A) CD3+CD4+ T cells (B) CD3+CD8+ T cells, (C) CD3+VB8+ T cells,
(D) CD3+NK1.1+ cells. Five mice in each group were used and the data was confirmed
in three independent experiments. *p< 0.05, p**< 0.01, ***p< 0.001.
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Figure 3. 4: AEA-mediated induction of AMPs and tight junction proteins during
ARDS, analyzed using sScCRNA-Seq of the lungs and gRT-PCR. Mice were treated
with SEB and AEA as described in Fig 1 legend. (A) Different types of cell clusters in
the lungs of SEB+VEH and SEB+AEA mice. The cells were classified based on markers
as follows: Panel (A) 1) T cells 1 (CD3 +,CD8+,CD44+,Trbcl) , 2) B cellsl
(CD19+,CD38,PAX5), 3) T cells 2 (CD3+,Trbc2, CD8+, IFNG, Trbcl), 4) T regulatory
cells 1 (CD4+, SATB1+, FOXP3+, MAF+, SELL +, CLTA4+,STAT5B, IKZf2, Lag3,
Nt5e), 5) Macrophage 1 (F4/80, Fth,Ftl,CD68), 6) T regulatory cells 2 (CD4+
SATB1,MAF+, SELL +, CLTA4+, STAT5B, IKZf2,CCr4,Gata3), 7)Myeloid Derived
Suppressor Cells (MDSCs) (CD11B+,GR1+,ARG1+,LY6C+), 8) Macrophage 2 (F4/80,
Fth, Ftl, Siglec F), 9) Macrophage 3 (F4/80), 10) Lung Epithelial cells1 (TAP1+,

TAP2+, SLPI+, Lyz2+,MBD2, LTF, CDH1, CLDN1), 11) B cells 2 (CD19+,PAX5), 12)
Lung Epithelial cells2 (TAP2+, SLPI+, Lyz2+,MBD2, EPCAM+, CDH1). Panels B-G
represent various molecules studied on epithelial cells from the lungs using SCRNA-Seq
(upper panels) and validated using qRT-PCR (lower panels). The qRT-PCR data was
obtained from 5 mice. *p< 0.05, p**< 0.01, ***p<0.001.
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Figure 3.4: AEA-mediated induction of AMPs and tight junction proteins during
ARDS, analyzed using scRNA-Seq of the lungs and qRT-PCR. Mice were treated
with SEB and AEA as described in Fig 1 legend. (A) Different types of cell clusters in
the lungs of SEB+VEH and SEB+AEA mice. The cells were classified based on markers
as follows: Panel (A) 1) T cells 1 (CD3 +,CD8+,CD44+,Trbcl) , 2) B cellsl
(CD19+,CD38,PAXD5), 3) T cells 2 (CD3+,Trbc2, CD8+, IFNG,Trbcl), 4) T regulatory
cells 1 (CD4+, SATB1+, FOXP3+, MAF+, SELL +, CLTA4+STAT5B, IKZf2, Lag3,
Nt5e), 5) Macrophage 1 (F4/80, Fth,Ftl,CD68), 6) T regulatory cells 2 (CD4+
SATB1,MAF+, SELL +, CLTA4+, STATS5B, IKZf2,CCr4,Gata3), 7)Myeloid Derived
Suppressor Cells (MDSCs) (CD11B+,GR1+,ARG1+,LY6C+), 8) Macrophage 2 (F4/80,
Fth, Ftl, Siglec F), 9) Macrophage 3 (F4/80), 10) Lung Epithelial cellsl (TAP1+,
TAP2+, SLPI+, Lyz2+,MBD2, LTF, CDH1, CLDN1), 11) B cells 2 (CD19+,PAXS5), 12)
Lung Epithelial cells2 (TAP2+, SLPI+, Lyz2+,MBD2, EPCAM+, CDH1). Panels B-G
represent various molecules studied on epithelial cells from the lungs using SCRNA-Seq
(upper panels) and validated using gRT-PCR (lower panels). The gRT-PCR data was
obtained from 5 mice. *p< 0.05, p**< 0.01, ***p<0.001.
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Figure 3. 5: The role of AEA on the abundance of microbiota in the lungs of ARDS
induced by SEB. Mice were treated with SEB and AEA as described in Fig 1 legend.
The lungs were collected and 16S rRNA sequencing and using Nephele platform were
used to analyze and generate: (A) Rarefaction curves depicting alpha diversity within
groups (Chaol index). (B) Principal coordinate analysis which reveals the clustering of
bacteria in lungs based on their 16S rRNA content similarity. Graph prism was used to
analyze the abundancy of microbiome in panels C and D. We used 3 mice for each group
and one way ANOV A was applied for the statistics. *p< 0.05, p**< 0.01, ***p<0.001.
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Figure 3. 6: Linear discriminant analysis of effect size (LefSE) in the lungs. (A)
LefSE-generated linear discrimination analysis (LDA) scores for differentially expressed
taxa. (B) LeFSE-generated cladogram for operational taxonomic units (OTUs) showing
phylum, class, order, family, genus and species from outer to inner swirl. For LefSe data,
the alpha factorial Kruskal-Wallis test among classes was set to 0.05, and the threshold
on the logarithmic LDA score for discriminative features was set at 3.
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Figure 3. 7: Effect of AEA on the abundance of microbiota in colon/cecal flush of
mice with SEB-mediated ARDS. Mice were treated with SEB and AEA as described in
Fig 1 legend. The samples of cecal flush were collected and using 16S rRNA sequencing
and Nephele platform, data were analyzed: (A) Rarefaction curves depicting alpha
diversity within groups (Chaol index). (B) Principal coordinate analysis which reveals
the clustering of bacteria in lungs based on their 16S rRNA content similarity. Graph
prism was used to analyze the abundancy of microbiome in panels C and D. We used 3
mice for each group and one way ANOVA was applied for the statistics. *p=< 0.05, p**<
0.01, ***p<0.001.
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Figure 3. 8: Linear discriminant analysis of effect size (LefSE) in the cecal flush of
mice with ARDS. Mice were treated with SEB and AEA as described in Fig 1 legend.
(A) LefSE-generated linear discrimination analysis (LDA) scores for differentially
expressed taxa. (B) LeFSE-generated cladogram for operational taxonomic units
(OTUs) showing phylum, class, order, family, genus and species from outer to inner
swirl. For LefSe data, the alpha factorial Kruskal-Wallis test among classes was set to
0.05, and the threshold on the logarithmic LDA score for discriminative features was set

at 3.
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Figure 3. 9: Analysis of SCFAs from cecal flushes of mice with ARDS. Mice were
treated with SEB and AEA as described in Fig 1 legend. Concentrations of SCFAS from
the cecal flushes were measured. Vertical bars represent mean + SEM from 3 mice/group
and significant differences between groups are shown with asterisks (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001) based on one-way ANOVA.
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Figure 3. 10: Effect of butyrate on ARDS induced by SEB. On day -1, 0, and 1, mice
received 200 mg/kg of butyrate (BUT) or VEH through oral gavage, while SEB in a dose
of 50 ug/mouse was given intranasally on day 0. Mice were euthanized on day 2 for
various studies (48 hrs after SEB exposure). (A) Representative histopathological images
and scores with H & E staining of excised lung tissue. (B) Use of Plethysmography to
measure the clinical function of the lung including (B) Specific Airway Resistance and
(B) Specific Airway Conductance. Five mice in each group were used and the data
confirmed in three independent experiments. *p< 0.05, p**< 0.01, ***p< 0.00.
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TABLE 3.1: Primer sequences used for RT-qPCR.

Name of the gene Primer Sequence
Tracheal Anti Microbial Peptide Forward 5-GGACTTGCCTTG TTC CGA GAG-3
1(TAP1)

Reverse 5-GCT GCC ACATAACTG ATA GCG-3
Tracheal Anti Microbial Peptide2 [ Forward 5-CTCCCACTTTTAGCAGTC CCC-3
(TAP2)

Reverse 5-CTG GCGATG GCTTTACTT-3
Secretory Leukocyte Peptidase Forward 5-TAC GGC ATT GTG GCT TCT CAA-3
Inhibitor (SLPI)

Reverse 5-TAC GGC ATT GTG GCT TCT CAA-3
Lysozyme 2 Forward 5-ATG GAATGG CTG GCT ACT ATG-G 3

Reverse 5-ACC AGT ATC GGC TAT TGA TCT GA-3
Claudin 1(CLDN1) Forward 5-GGG GAC AAC ATC GTG ACC G-3

Reverse 5-AGG AGT CGA AGACTT TGC ACT-3
Epithelial Cadherin (ECDH) Forward 5-CAGGTCTCCTCATGGCTTTGC -3

Reverse 5-CTT CCG AAAAGAAGG CTG TCC-3
Murine Beta Defensine 2 (MBD2) |} Forward 5-AGA ACA AGG GTAAACCAGACCT-3

Reverse 5-ACT TCA CCT TAT TGC TCG GGT-3
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CHAPTER 4

CONCLUSION AND SUMMARY

In the current study, we investigated the role of endogenous cannabinoids,
specifically AEA, to attenuate SEB-mediated ARDS. We investigated the role of AEA in
the amelioration of ARDS through modulation of microRNAs targeting the inflammatory
pathways as well as the role of AEA in the amelioration of ARDS through modulation of

the microbiome profile in the gut-lung axis through induction of AMPs and SCFAs

ARDS is characterized by hypoxemia, bilateral pulmonary infiltration, pulmonary
edema, and cytokine storm. The current treatment protocols are not effective in
controlling ARDS, and only supportive care and mechanical ventilation are the most
commonly used clinical options. In December of 2019, the World Health Organization
(WHO) declared that COVID-19 had emerged as a pandemic and considered as a
significant international threat to human lives. COVID-19 was found to be a highly
infectious respiratory disease that caused high rates of mortality in humans due to its
ability to trigger ARDS. The United States of America was the epicenter for COVID-19
related ARDS with 18.2 million cases and 322,218 deaths as of December 2020. As of

today, while the vaccine has been effective in preventing death, COVID-19 continues to
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kill people who are not vaccinated because of the development of ARDS which is

challenging to treat. Due to unavailability to find an effective treatment against ARDS, it

is important to investigate an alternative approach. This study presents a novel use
of AEA to treat ARDS which was found to be highly efficacious to attenuate ARDS and
the cytokine storm. In the current study, we demonstrate for the first time the therapeutic
efficacy of AEA in SEB-induced ARDS and identify two critical mechanisms including a

role for miRNA and the microbiota.

Our data showed that AEA improved clinical lung functions, reduced immune cell
infiltration in the lung tissue, decreased the proinflammatory levels of the cytokines in the
sera, and decreased the percentages and absolute cell count of T cell subsets in the lungs
and spleen while increasing the percentages of the T regulatory cells and MDSC
population, in mice with SEB-mediated ARDS. Mechanistically, AEA significantly
modulated the microarray profile of miRNA expression of the lung mononuclear cells
which showed significantly downregulated miR 23a-3p that caused an upregulation of
Argl, a marker for MDSCs and upregulation of TGFB2 which induces T regulatory cells.
AEA also caused downregulation of miR 34a-5p which caused an upregulation of the
FOXP3 gene, a specific marker for Tregs. Transfection of T cells using the mimics and
inhibitors of miR 23a-3p and miR 34a-5p confirmed that these miRNA targeted ARG,
TGFB2, and FOXP3, leading to an upregulation of anti-inflammatory genes and

induction of anti-inflammatory biomarkers.
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The human microbiota consists of trillions of micro-organisms which regulate the
immunophysiological homeostasis. The role of gut and lung microbiota during SEB-
mediated ARDS and the effect of AEA on microbiota during ARDS has not been
investigated before. The current study demonstrated that AEA ameliorated ARDS
through modulation of the microbiome profile of the gut-lung axis. AEA significantly
decreased the infiltration of the inflammatory cells not only in the lungs but also in the
gut. AEA has been decreased the gut leakage and capillary leakage in the lungs. Single
Cell RNA Sequencing (Sc-RNA) of the lung tissue revealed that AEA treatment
significantly upregulated the induction of AMPs in the lung epithelial cells. Interestingly,
our results shown that AMPs such as Tracheal Antimicrobial Peptides 1 and 2 (TAP1,
TAP2) were induced by AEA which was associated with a decrease in pathogenic
bacteria such as pseudomonas sp during ARDS. Lysozyme 2 is another AMP which also
protects against a broad range of gram positive and gram-negative bacteria, and AEA
caused upregulation of Lysozyme 2. Serum Leukocyte Protease Inhibitor (SLPI), also
known to mediate antimicrobial properties was also induced by AEA. Together, we noted
that the AMPs were significantly increased in the airway mucosa specifically by the lung
epithelial cells after AEA treatment. Furthermore, Miseq sequencing data of the 16s
Ribosomal RNA suggested that AEA modulated the microbiome profile of the gut and
lung when compared to the controls to increase butyrate producing bacteria such as S24-
7, Lachnospirceae, and Turibacter in both the gut and lungs. Our Lefse analysis
confirmed the sequencing of Miseq 16S rRNA. Correlating with the AMP induction by
AEA treatment, we also noted the increased abundance of beneficial bacteria and

decrease in pathogenic bacteria in the lungs and the gut. The beneficial role of butyrate
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was also confirmed by demonstrating that administration of butyrate into SEB-treated

mice led to attenuation of the ARDS.

Collectively, our study demonstrates that AEA may play a protective role against
ARDS induced by SEB through modulation of miRNA profile of the mononuclear cells
in the lung in such a way as to suppress inflammatory pathways. Additionally, AEA also
increases the tight junction proteins, and alters the microbiome profile of the gut and lung
by promoting AMPs which prevent pathogenic bacteria while increasing the abundance
of beneficial bacteria that produce SCFAs such as butyrate which can also suppress
ARDS. The current study is highly significant considering that the ongoing pandemic
caused by COVID-19 also triggers ARDS, which is challenging to treat. Our studies
suggest that administering AEA or enhancing the levels of AEA in vivo through use of

FAAH, which hydrolyzes AEA, may serve as novel therapeutic modality to treat ARDS.
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