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ABSTRACT

Chronic inflammation is characterized by infiltration of inflammatory cells such as macrophages
and lymphocytes into the tissue where they produce inflammatory cytokines that contribute to
tissue damage. Worldwide, 3 out of 5 people die due to chronic inflammatory diseases like
cardiovascular diseases, obesity, diabetes, and cancer. Since it is well-documented that diet and
metabolism are key mediators of inflammation, I investigated the effects of dietary lectins on
inflammatory cytokine production and the ability of sodium pyruvate, a metabolite, to decrease
inflammation. In chapter 1, I examined the effect that lectins from either Triticum vulgaris
(common wheat) or Phaseolus vulgaris (common bean) had on bone marrow derived
macrophages infected with LPS + ATP or IAV. During infection, neither lectin significantly
affected the levels of inflammatory cytokines IL-1p or IL-6. However, when the cells were
uninfected but treated with the bean lectin, a significant amount of background inflammation was
observed. While the presence of the lectins may not exacerbate an infection, they could
contribute to a pre-existing inflammatory condition. In chapter 2, I collaborated with a company
(Emphycorp) and investigated the effects of sodium pyruvate nasal spray on the symptoms of
lung diseases like pulmonary fibrosis (PF), COVID-19 and long-COVID. All of these respiratory
diseases result from excessive acute or chronic inflammation and can exacerbate each other (i.e.
PF patients have more severe COVID-19, and COVID-19 can result in PF). Three separate
clinical trials were conducted in COVID-19 infected patients, long-COVID patients, and
pulmonary fibrosis patients to determine the efficacy of N115, a sodium pyruvate nasal spray.
During an active COVID-19 infection, N115 decreased viral titers and improved some patient
symptoms. However, it was more effective in chronic diseases (long-COVID and PF patients),
where N115 significantly increased SaO> levels, improved lung function, headache,
coughing/sneezing and breathing. Overall, my research demonstrates that dietary constituents
and metabolic products can have harmful or beneficial effects on inflammation.

KEYWORDS: lectin, inflammation, metabolite, cytokine, influenza A virus, LPS, COVID-19,
infectious disease, chronic inflammation, pyruvate
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OVERVIEW

Background

In order to survive and to thrive, a strong, properly functioning immune system is crucial.
All cells require adequate nutrition to function optimally, including the immune cells. When the
immune system is actively fighting an infection, there is an increased rate of metabolism, which
requires more energy and substrates like vitamins, trace elements, amino acids, and fatty acids.
Diet and metabolism have a huge effect on the immune response, since our diet is what primarily
provides the needed nutrients for cellular functions. Diet not only directly affects the immune
system, but “you are what eats what you eat”, meaning the types of foods you consume can alter
your gut microbiota and environment, which can alter your immune response too [1]. Nutrients
derived from diet or endogenous pathways that produce and divert metabolites into other
pathways regulate the initiation, duration, and termination of the inflammatory response [2].
When these nutrients are not provided, the immune system cannot function properly. However,
over-nutrition and obesity also alter the immune system.

In our society, a Western diet characterized by an overconsumption of calorically rich
foods, processed foods, refined sugars, and saturated fats combined with chronic overnutrition,
and a sedentary lifestyle promotes a state of chronic metabolic inflammation [3]. Chronic low-
grade inflammation in adipose tissue is a hallmark of obesity and metabolic disease and is
characterized by an accumulation of T cells, macrophages, and other mediators such as
inflammatory cytokines. Along with obesity, chronic inflammation has been linked to many
other diseases such as cardiovascular disease, rheumatoid arthritis, autoimmune diseases, and

other metabolic disorders [4]. With more than half of the American population being obese or



overweight and 3 of 5 people worldwide dying due to chronic inflammatory diseases, it is
extremely important to study the effects of diet and metabolic processes on the immune system
[5].

As of 5:06 PM CET, November 7%, 2022, there have been ~ 630 million confirmed cases
of COVID-19, including ~ 6.6 million deaths reported to WHO [6]. While the initial chaos of the
pandemic has calmed, the COVID-19 pandemic continues to affect people every day. The
COVID-19 pandemic caused a lot of people to start wondering how best they could support and
strengthen their immune system, whether that be through dietary changes or consumption of
supplements. However, it is important to realize how diet and inflammatory disorders prior to
infection with COVID-19 could significantly impact the disease outcome. Since chronic
inflammatory diseases cause delay and dysfunction of the immune response to pathogens,
conditions such as obesity, metabolic syndrome, type 2 diabetes, cardiovascular disease, and
hypertension are risk factors for increased severity of COVID-19 [7]. Thus, understanding the
connection between diet, metabolism, and inflammation is important for infectious diseases as

well as chronic inflammatory conditions like diabetes or arthritis.

Inflammation

Role of Inflammation During Infectious Disease. Inflammation is a critical aspect of
how the immune system responds to harmful stimuli, such as cell damage, irradiation, pathogens,
or toxic compounds. It works to eliminate these stimuli and initiate the healing process [8].
Inflammation is characterized by redness, swelling, heat and pain. There are critical events that
occur during inflammation including alterations in vascular permeability, leukocyte recruitment

and inflammatory mediator release, such as cytokines and chemokines. Cytokines are small,



secreted proteins that facilitate communication between immune cells and assist in the resolution
of infectious diseases [9]. Chemokines are small, secreted proteins that are able to stimulate the
migration of leukocytes. They play a critical role in the development and homeostasis of the
immune system and are involved in all protective and destructive immune/inflammatory
responses [10]. This is accomplished by attracting leukocytes to tissues during inflammation and
response to infection [11]. While the inflammatory response depends on the kind of initial
stimulus and location in the body, all inflammatory responses are mechanistically similar. First,
cell surface pattern receptors recognize the stimuli. Second, these receptors activate
inflammatory pathways. Third, inflammatory markers/mediators are released. Last, inflammatory
cells are recruited to the area to fight the infection [8].

Inflammatory Pathways. Inflammatory pathways affect the pathogenesis of many
chronic diseases and often involve multiple regulatory pathways and inflammatory mediators.
Innate immune cells express pattern recognition receptors (PRRs) that detect pathogen-
associated molecular patterns (PAMPs), which are microbial components like lipopolysaccharide
(LPS), or damage-associated molecular patterns (DAMPs), which are molecules that are released
by necrotic cells and damaged tissue (i.e. ATP). Relevant to my research, LPS interacts with toll-
like receptors (TLRs) and ATP is detected by Nod-like receptors (NLRs). Viral RNA in the
cytoplasm stimulates three different inflammatory immune pathways: retinoic acid-induced
gene-I (RIG-I), TLRs and NLRs. These pathways are responsible for the immune response to
viral infection, specifically RNA viruses [9]. Regardless of the pathway, receptor activation
triggers intracellular signaling pathways such as the nuclear factor kappa-B (NF-kB) pathway or

activation of the inflammasome.



Toll-like Receptors. TLRs were the first PRRs identified and are receptors of the innate

immune system that detect PAMPs and DAMPs to initiate immune responses. These receptors
are classified into six major families, TLR1, TLR3, TLR4, TLRS, TLR7 and TLR11. The TLR1
family consists of TLR1, TLR2, TLR6 and TLR10. These TLRs are plasma membrane receptors
and recognize components of microbial cell walls and membranes [12]. TLR4 is also a plasma
membrane receptor and recognizes bacterial lipopolysaccharide (LPS). Members of the TLR3,
TLR7, and TLR11 families are intracellular and expressed in endosomes and lysosomes. The
TLRs that are members of the TLR3 and TLR7 families recognize double-stranded RNA
(dsRNA) or single-stranded RNA (ssRNA) respectively. During a viral infection, activation of
TLR signaling in endosomes can lead to interferon (IFN) or inflammatory cytokine production.
However, cell surface TLR signaling (with the exception of TLR4) only results in inflammatory
responses, not IFN expression [12]. Proper TLR functioning, like most immunological
responses, requires adequate amounts of micronutrients and is significantly affected by diet [13].
For example, TLR2 and TLR4 are involved in inflammation due to high-fat diet (HFD)-induced
obesity in rats. It was found that HFD decreased TLR2 and TLR4 expression on CD14
monocytes and altered their function by increasing levels of IL-18, IL-6 and TNF-a [14]. HFD
also induced macrophage activation with a significant increase in NF-xkB and IL-6 levels [15].
There are also various non-microbial stimulants that affect the functioning of TLRs such as plant
polyphenols, polyunsaturated fatty acids, saturated fatty acids, glucans, and pectins [13]. TLR4 is
particularly relevant for this study, as it is the receptor that recognizes LPS and induces the
secretion of pro-inflammatory cytokine IL-6 through NF-«xB signaling (Figure 1).

RIG-I-like Receptors. Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are

located in the cytosol and play an important role in antiviral host responses by mediating the



production of type I interferons upon detection of RNA [16]. Type I interferons are a type of
cytokine that are involved in antiviral defense. RLRs can be activated by viral or host RNAs
detected in the cytosol. Also, RLR activation is seen in several autoimmune and
autoinflammatory diseases and in cancer. This occurs either from mutations in the absence of a
viral infection or due to errors in RNA processing that may result in the detection of endogenous
RNAs [16]. RIG-I deficiency was found to promote obesity and insulin resistance induced by a
HFD, indicating a regulatory role of RIG-I in metabolic stress, obesity, and insulin resistance. It
is speculated that this is due to decreased type I IFN production, as they typically play a
protective role against metabolic stress [17]. In this research RLRs recognized the double-
stranded RNA present in the cytoplasm during infection with influenza A virus, which results in
the secretion of pro-inflammatory cytokines like IL-6 via the NF-kB pathway (Figure 1).

NF«B Pathway. NF-kB plays important roles in inflammation, immune responses, and

apoptosis and is induced by many different stimuli. This pathway regulates pro-inflammatory
cytokine production and inflammatory cell recruitment. RLRs, TLRs, and NLRs can all activate
the NF-kB pathway, which leads to the transcription of pro-inflammatory cytokines, chemokines,
and other inflammatory mediators that can directly and indirectly mediate the inflammatory
response [18]. This pathway is relevant to this study because it is involved in the production of
pro-inflammatory cytokines like IL-6 (Figure 1). NF-«xB is a central inflammatory mediator and
its deregulation is involved in a variety of inflammatory diseases, such as obesity [19]. The NF-
kB pathway links metabolic signals with inflammation-driven cellular responses in physiology
and disease, suggesting that diet and metabolism can significantly affect this pathway [20].
Therefore, it is an important pathway to investigate when studying dietary and metabolic effects

on inflammation.
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Figure 1. Inflammatory pathway-mediated production of IL-6. A, Toll-like receptor (TLR) 4
in combination with the adaptor protein MD-2 recognizes bacterial endotoxin lipopolysaccharide
(LPS). Once activated by LPS, TLR4 signals through MyD88 and TRIF-dependent pathways to
initiate the translocation of transcription factor NF-kB into the nucleus. Activation of NF-kB
induces the production of interleukin-6 (IL-6). B, Retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) present in the cytoplasm detect viral RNAs. Detection of viral RNAs results in
the activation of NF-kB, which then stimulates the production of pro-inflammatory cytokines
like IL-6.

NOD-like Receptors. Nucleotide oligomerization domain (NOD)-like receptors (NLRs)

are intracellular cytosolic receptor proteins that are activated by cytoplasmic PAMPs [21]. Some

of the NLRs activate inflammasomes, while others stimulate the innate immune system by



activating NF-«B, mitogen-activated protein kinases (MAPKs) and interferon (IFN) regulatory
factor (IRF) pathways. Dysfunction in NOD-1 and NOD-2, members of the NLR family, is
associated with chronic inflammatory and metabolic diseases, such as inflammatory bowel
disease (IBD), asthma, arthritis, and periodontitis [22]. Recently, NOD-1 and NOD-2 have been
implicated as mediators of metabolic disease, with increased expression seen in metabolic
diseases such as obesity, diabetes, non-alcoholic fatty liver disease, and metabolic syndrome
[23].

Inflammasomes. The inflammasomes are innate immune complexes triggered by PAMPs

and DAMPs that recruit and activate the inflammatory protease caspase-1, which is a required
molecule for the processing and maturation of inflammatory cytokines IL-1p and IL-18 [24].
NLRP3, a member of the NOD-like receptor family, is the most widely studied inflammasome
activator. It is able to detect a wide range of PAMPs, including LPS, bacterial and viral RNA,
double-stranded RNA analog polyinosinic-polycytidylic acid (polyl:C), and nonmicrobial
DAMPs like uric acid, ATP and asbestos [21]. The NLRP3 inflammasome has been implicated
in various metabolic diseases, such as obesity, insulin resistance, atherosclerosis and Alzheimer’s
disease [24]. Upon activation of the inflammasome by a PAMP or DAMP, pro-caspase 1 is
cleaved into its active form, caspase-1, which then converts the inactive pro-IL-1p into its active

form IL-1B (Figure 2).
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Figure 2. Production of IL-1p via NLRP3 inflammasome activation. It is believed that
NLRP3 inflammasome activation requires two signaling steps: priming and activation. The first
signal is an inflammatory stimulus like TLR4 agonists that induce NF-kB-mediated NLRP3 and
pro-IL-1p expression. The second signal is from PAMPs and DAMPs. Once both signals have
been provided, the NLRP3 inflammasome is activated and pro-caspase-1 is cleaved into its
active form caspase-1. Caspase-1 then cleaves the cytokine pro-interleukin-1f3 (pro-IL-1p) into
the biologically active form IL-1p.

Inflammatory Cytokines. Inflammation relies on inflammatory cytokines to recruit
leukocytes to the area and trigger physiological changes in blood vessels and metabolism to
induce fever. They are also important to begin the healing process. Cytokines can be either pro-
or anti-inflammatory. They are primarily released by immune cells such as macrophages,
lymphocytes and monocytes and are critical in the recruitment of other leukocytes to the location
of infection or injury. They are also involved in modulating the immune response to prevent
excessive inflammation and tissue damage. In this study, I specifically looked at the levels of

two pro-inflammatory cytokines, IL-6 and IL-1p. IL-6 is a pro-inflammatory cytokine produced

by macrophages and other innate immune cells and plays a critical role in inflammatory



responses, viral infections and autoimmune diseases. IL-1p is a pro-inflammatory cytokine that is
produced when Caspase-1 is cleaved during inflammasome activation. It plays a role in
homeostasis and acute and chronic inflammatory and autoimmune disorders [25].

Inflammatory Cells. While there are many types of cells involved in the inflammatory
response, this study focuses on bone marrow-derived macrophages. Macrophages are innate
immune cells that are present in all tissues [26]. During inflammation, macrophages present
antigens, perform phagocytosis and regulate the immune response via cytokine and growth factor
production [8]. Once activated by PAMPs or DAMPs, macrophages differentiate into different
states, the classically activated (M1) and alternatively activated (M2) macrophages. M1
macrophages produce pro-inflammatory cytokines such as IL-1p, IL-6 and TNF-a, and they also
promote the differentiation of inflammatory T cells into Th1 and Th17 cells which mediate
inflammation. M2 macrophages produce anti-inflammatory cytokines, such as IL-10 and IL-13.
They are important in the resolution of inflammation and in the wound healing process [12].
Measuring these cytokines can be used to determine the strength of the immune response and

help in diagnosing disease.

Dysregulated Inflammation

Cytokine Storms. Sometimes, the immune system malfunctions or is over-stimulated
and makes too many cytokines which leads to a cytokine storm. A cytokine storm is described as
excessive production of pro-inflammatory cytokines leading to aggressive pro-inflammatory
responses and insufficient control by anti-inflammatory responses [9]. Influenza A virus
infections can result in severe disease. While it may seem that the viral load is associated with

the severity of the disease, the host’s inflammatory response to the viral infection also



contributes to disease severity. If the pro-inflammatory cytokines that are released to combat the
infection are produced excessively and the anti-inflammatory response is insufficient, a cytokine
storm is produced, which can cause organ damage, systemic inflammation and even death [9].
COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Once
the virus is inside the cell, a cytokine storm is triggered, largely caused by IL-6 and the NLRP3
inflammasome [27]. It is thought that the pathological, clinical and sometimes deadly symptoms
of COVID-19 are more due to the cytokine storm produced by the immune system rather than
the viral load [28]. Finally, sepsis is an inflammatory disease mediated by the immune system in
response to systemic infection and is the cause of approximately 20% of deaths worldwide [29].
There are many challenges to diagnosis sepsis in the early stages, so the need for better
biomarkers is critical. Initially, sepsis is similar to typical infections, where receptors respond to
PAMPs and DAMPs via signaling pathways [30]. However, as the disease progresses and more
and more leukocytes respond to the stimuli, a cytokine storm ensues. This can lead to
disseminated intravascular coagulation (DIC), multi-organ dysfunction syndrome (MODS),
inflammation-coagulation due to platelet activation, and peripheral vasodilation leading to low
blood pressure [30]. A common cause of sepsis is infection with Gram-negative bacteria, where
the immune system overreacts to the presence of the endotoxin LPS.

Chronic Inflammation. While inflammation primarily occurs to protect and heal our
bodies, inflammation can become extremely detrimental if left unchecked. Typically,
inflammation is resolved by the dilution of chemokine gradients over time. This halts the
recruitment of circulating leukocytes. However, malfunctions in this process can result in chronic
inflammation, which is characterized by slow, long-term inflammation, lasting several months to

years. The World Health Organization (WHO) ranks chronic diseases as the greatest threat to
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human health [5]. Worldwide, 60% of deaths are attributed to chronic inflammatory diseases
such as stroke, heart disorders, cancer, obesity, diabetes and chronic respiratory diseases [5].
Arthritis and other inflammatory joint diseases affect approximately 350 million people
worldwide, and allergies affect more than 50 million people in the United States alone [31].
Although COVID-19 can result in a cytokine storm, a chronic inflammatory condition known as
Long-COVID has impacted the lives of millions of COVID-19 survivors. The symptoms of
Long-COVID vary, but the most common are fatigue, trouble breathing, fever, cough/sneezing,

low Sa0O», and loss of taste and/or smell.

Dietary Molecules and Metabolites

Lectins. As diet and metabolism are known to contribute to inflammation, I wanted to
examine the role for specific dietary molecular and metabolic compounds. Lectins are proteins
found in plants that bind to carbohydrates present on cell membranes. Dietary lectins can be
found in various foods such as vegetables, fruits, grains, and nuts [32]. While many common
foods contain lectins, raw legumes, like beans, and whole grains, like wheat, contain the highest
amounts of lectins. These proteins protect plants by resisting digestion and retaining stability in
acidic environments, basically acting as a toxin so that the plant does not get eaten. When eaten,
lectins can elicit negative side effects such as nausea, vomiting, diarrhea, bloating and gas. Also,
previous studies have shown that lectins can interfere with nutrient absorption and gut
microbiota by binding to epithelial cells of the gastrointestinal tract. The presence and buildup of
lectins in the body can elicit an immune response and may be linked to inflammatory conditions

such as rheumatoid arthritis and type 1 diabetes [33].
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Sodium Pyruvate. Pyruvate is an antioxidant and is a key metabolite in energy
metabolism and cellular respiration. It enters into the mitochondria where it is utilized as an
energy molecule to produce ATP in the tricarboxylic acid cycle (TCA), bypassing many
glycolysis-controlled metabolic regulatory pathways. Pyruvate is also involved in amino acid
production and its reduction is used to replenish nicotinamide adenine dinucleotide (NAD™).
Pyruvate can be found in various forms such as sodium pyruvate (NaPyr), ethyl pyruvate, and
pyruvic acid. It is well tolerated with little to no toxicity in the body. Pyruvate has been shown to
elicit a wide range of anti-inflammatory and protective effects across many body systems and
cell types. [34]. Traditional steroids down-regulate nasal nitric oxide synthesis, but NaPyr is able
to reduce nasal inflammation while up-regulating nasal nitric oxide synthesis. This is important
as nitric oxide can be used in the lungs to fight infections and increase lung function [35]. Since
NaPyr has been shown to have therapeutic properties in other inflammatory diseases, especially
related to lung function, I wanted to examine the effect of inhalation of NaPyr on the symptoms
of an active COVID-19 infection and in long-COVID patients with decreased SaO,,

coughing/sneezing, fever, fatigue, and trouble breathing.

Scientific Question and Hypothesis

Based on the previously cited scientific literature, I wanted to know how dietary and
metabolic products affected inflammation. I hypothesized that treating macrophages with dietary
lectins during an infection would result in increased inflammatory cytokine production.
Alternatively, based on its antioxidant and anti-inflammatory properties, I hypothesized that
sodium pyruvate inhalation would result in improvement of physiological symptoms experienced

by long-COVID patients.

12



EFFECTS OF DIETARY LECTINS ON MACROPHAGE INFLAMMATORY

CYTOKINE PRODUCTION

Abstract

Background. Inflammation is a critical component of the immune system resulting from
the release of inflammatory cytokines, like IL-1p and IL-6. Typically, once the stimulus is
cleared, homeostasis is restored. Sometimes though, the inflammatory response can become
chronic and contribute to various diseases. The source of inflammatory responses is not always
clear. Therefore, the effect of diet on inflammation is a crucial topic to be investigated.

Design. Bone marrow derived macrophages (BMDMs) were treated with LPS + ATP,
LPS + ATP + lectin, influenza A virus (IAV), or IAV + lectin. Cell culture supernatants
collected from control and infected BMDM were analyzed for IL-1p and IL-6 to determine if
dietary lectins could affect inflammatory responses of macrophages.

Findings. Macrophage pro-inflammatory cytokine secretion was not affected when
treated with lectins. Neither IL-1 nor IL-6 levels were statistically different when treated with
LPS + ATP compared to LPS + ATP + lectin. The same was true for samples treated with IAV
compared to IAV + lectin. However, some lectins were able to stimulate IL-6 production in the
absence of infection.

Conclusions. IL-1f and IL-6 inflammatory cytokine levels produced by infected
BMDMs did not show statistically significant differences from the control levels when treated
with two different dietary lectins in cell culture, but further experiments are needed to determine
if other lectins, cells, or treatment during other infections can alter inflammatory cytokine

release.
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Introduction

Inflammation is a critical part of the innate immune system responding to a stimulus,
such as injury or pathogens, through pattern recognition receptors (PRRs). PRRs recognize
pathogen-associated molecular patterns (PAMPs), like viral RNA or LPS as well as damage-
associated molecular patterns (DAMPs), like extracellular release of nuclear contents or ATP [1].
Activation of some PRRs results in their association with ASC and procaspase-1 to form a
protein complex called an inflammasome. There are multiple types of inflammasomes, but the
NLRP3 inflammasome is able to respond to the widest variety of PAMPs and DAMPs. While the
exact mechanism of activation is not fully understood, it is known that the NLRP3
inflammasome is responsible for the activation of pro-inflammatory cytokines, such as IL-1 [2].
IL-1pB plays a role in increasing transport of neutrophils and T cells to infection sites and is
involved in pain, inflammation and autoimmune conditions [3]. It also induces epithelial and
endothelial cells to produce other cytokines like IL-6 [4]. IL-6 is a pro-inflammatory cytokine
produced by macrophages, mast cells and other innate immune cells that has a critical role in
inflammatory responses, viral infections and autoimmune diseases. It also plays a role in
pathophysiological events like fever, liver acute-phase response, and in the transition from acute
to chronic inflammation [5]. During a primary infection with influenza A virus, IL-6 plays a
protective role by clearing the virus and promoting the innate phase of the immune response [6].
Although IL-6 in necessary for the resolution of an influenza A virus infection, excessive levels
of IL-6 have been linked to poor prognosis of influenza A virus infected patients [4].

Typically, once the immune system is no longer recognizing the stimulus, the immune
response is resolved, and homeostasis is restored. However, when a stimulus lingers or the

immune cells are continuously activated, the inflammatory response can become chronic.
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Chronic inflammation, usually associated with elevated levels of pro-inflammatory cytokines,
has been associated with various mental and physical disorders and diseases such as depression,
schizophrenia, cancer, autoimmune diseases, cardiovascular disease, gastrointestinal disorders
and obesity [7]. While inflammatory sources are clear for some diseases, in other diseases, the
source is unclear. Thus, it 1s important to investigate the effects of our diets on chronic
inflammation.

Lectins are a group of proteins that were first discovered in plants but were later found in
other species, from microbes to humans. They specifically and reversibly bind to carbohydrates
present on cell membranes, which allows them to participate in many biological processes, such
as cell development, cell recognition, tumor metastasis, host defense, and inflammation [2]. Plant
lectins are found in many different kinds of foods such as vegetables, fruits, grains, legumes and
nuts and are considered anti-nutrients. These lectins can increase intestinal permeability, which
allows for increased translocation of dietary and microbial antigens into the body [2]. Once in the
periphery, the lectins can provoke IgG and IgM antibody production, and they can bind to cell
surface glycoproteins, such as epidermal growth factor receptor and insulin receptor, which
disrupts their normal functioning. It is thought that lectins may exacerbate the pathogenesis of
food intolerance, food allergy and other inflammatory diseases, such as type 1 diabetes,
rheumatoid arthritis, and inflammatory bowel disease [2]. In a study done by Gong et al., they
found that plant lectins acted as a DAMP, activating the NLRP3 inflammasome. Specifically, a
plant lectin called wheat germ agglutinin (WGA) has been suggested to increase intestinal
permeability. In individuals with celiac disease, they found significantly higher antibody levels
to WGA, suggesting that WGA may be involved in the pathogenesis of the disease [2]. Increased

intestinal permeability has been associated with autoimmune diseases, such as type 1 diabetes,
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rheumatoid arthritis and multiple sclerosis. Surprisingly, increased intestinal permeability has
also been associated with other diseases related to chronic inflammation, such as inflammatory
bowel disease, asthma, and depression [7]. WGA has been shown to stimulate histamine
secretion from non-stimulated peritoneal mast cells, induce NADPH-oxidase activity in human
neutrophils, and stimulate the release of cytokines IL-4 and IL-13 from human basophils.
Phytohaemagglutinin (PHA) is a lectin found in red kidney beans. It is known to be mitogenic,
inflammatory, and causes aggregation of erythrocytes and leukocytes. In a previous study, it was
shown that PHA treatment resulted in increased expression of 1L-2, IL-2R, IL-6, IL-10, TNF-q,
and IFN-y in human peripheral blood mononuclear cells [8].

In this research, I examined the effects of two dietary lectins on cytokine release from

macrophages treated with LPS and ATP or infected with influenza A virus.

Materials and Methods

Animal Welfare. In the Temple Hall Vivarium at Missouri State University, WT
C57BL/6J mice were bred, raised, and then euthanized via CO; asphyxiation and cervical
dislocation. The bone marrow was collected for differentiation into macrophages. All breeding
and experiments were performed in accordance with the Institutional Animal Care and Use
Committee (IACUC) guidelines (protocols 19.019, Appendix A and 19.005, Appendix C), NIH
regulations, the AVMA Guidelines on Euthanasia, and the U.S. Animal Welfare Act of 1966.

Reagents. Lectin from Phaseolus vulgaris (red kidney bean) was purchased from Sigma
Aldrich (L8754). Lectin from Triticum vulgaris (wheat) was purchased from Sigma Aldrich

(L9640). Adenosine 5’ -triphosphate (ATP) disodium salt hydrate was purchased from Sigma
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Aldrich (A1852-1VL). Influenza A/PR/8/34 HINI1 virus was purchased from ATCC and grown
in 10-day old embryonated hen’s eggs. LPS was purchased from Sigma Aldrich (LPS25).

Production of Bone Marrow Derived Macrophages. To collect bone marrow from the
femur and tibia of each hindlimb, C57BL/6J mice that were 7-14 weeks old were euthanized.
Bone Marrow Derived Macrophages (BMDMs) were produced by growing the bone marrow
cells in bone marrow differentiation media (BMDM media) for 5 days. This media contains
Dulbecco’s Modified Eagle Medium (DMEM) + 10% FBS + 1% Pen/Strep + 1% non-essential
amino acids (NEAA) and supplemented with L929 cell media. The L929 medium contains
macrophage colony-stimulating factor (M-CSF), which was produced by growing 1.929 cells in
DMEM + 10% FBS + 1% Pen/Strep for 10 days, followed by filtering the media with a 0.2 pm
filter. After allowing the BMDMs to grow for 5 days, cells were scraped and re-plated into 12-
well plates containing 1 mL BMDM media at 1x10° cells/well. After incubating overnight to
allow the cells to adhere to the plate, the macrophages were collected and used for subsequent
experiments.

Infection Schemes and Treatment. For LPS + ATP treatment, BMDMs were washed
twice with phosphate buffered saline (PBS) and 500 uL. of DMEM + 10% FBS was added to
each well of two 12-well plates. LPS was added to 6 wells of each 12-well plate at 1pg/ml final
concentration. Bean lectin was added to 6 of the 12 wells of one 12-well plate, and wheat lectin
was added to 6 wells of the other 12-well plate, both at 1 mg/mL final concentration (Fig. 1a-b).
The plate was incubated for 3.5 hours, and then ATP was added to each of the 6 wells containing
LPS at 5 mM final concentration. After 30 more minutes, 200 puL of the media was collected
from each well and placed into a 96-well plate to be used later for Enzyme-Linked

Immunosorbent Assay (ELISA), as described later.
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For influenza A virus infection, BMDMs were washed twice with PBS and 200 pL of
RPMI 1640 media was added to each well of two 12-well plates. Influenza A virus was added to
6 wells of each 12-well plate at a concentration of 10,000,000 PFU/well (10MOI). The plates
were incubated for one hour, shaking them every 15 minutes. After one hour, 250 pL. of RPMI +
20% fetal bovine serum was added to each well. At this time, bean lectin was added to 6 wells of
one of the 12-well plates, and wheat lectin was added to 6 wells of the other 12-well plate both to
a final concentration of 1 mg/mL, (Fig. 1c-d). The plates were incubated for 24 hours, and then

200 pL of the media was transferred to a 96-well plate to be used later for ELISA.
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Figure 1. 12-well plate layout for infection scheme. A, infection scheme for LPS + ATP and
bean lectin. B, infection scheme for LPS + ATP and wheat lectin. C, infection scheme for IAV
and bean lectin. D, infection scheme for IAV and wheat lectin.




Enzyme-Linked Immunosorbent Assay (ELISA). Supernatants from infected, treated,
infected/treated, and uninfected/untreated cell cultures were analyzed for IL-1p and IL-6. Mouse
IL-1pB and mouse IL-6 uncoated ELISA kits were purchased from Thermo Fisher Scientific (88-
7013-88, 88-7064-88), and assays were performed following the manufacturer's
recommendations. Then, plates were read using a BioTek ELx808 microplate reader at 450 nm.

Statistical Analysis. GraphPad PRISM9 was used to perform statistical analysis.
Comparison of the treatment groups was performed using one-way ANOVA along with Tukey’s

post-hoc test. A p-value <0.05 was considered statistically significant.

Results

IL-1p Cytokine Response. I initially examined the effects of bean or wheat lectin on the
cytokine response of BMDM treated with LPS + ATP by quantifying the levels of IL-1
produced via ELISA (Figure 2a). Treatment with LPS + ATP resulted in a mean of 25,151 pg/ml
+10,026. Treatment with LPS + ATP + wheat lectin resulted in a mean of 60,909 pg/mL
+54,494. Treatment with LPS + ATP + bean lectin resulted in a mean of 32,924 pg/mL +43,895.
Although higher IL-1p levels were seen in the LPS + ATP + wheat lectin group, this was not
statistically different from the control group. In the absence of a PAMP or DAMP like LPS and
ATP, respectively, treatment with wheat lectin alone resulted in a mean of 2,712 pg/ml +4,090.
Treatment with bean lectin alone resulted in a mean of 2,748 pg/mL +4,388. Finally, untreated
cells had a mean of 1,671 pg/mL £1,816. Overall, there were no significant differences in IL-18
produced in the LPS + ATP experiment (Figure 2a).

I also examined the effects of bean or wheat lectin on the IL-1 cytokine response of

BMDM infected with influenza A virus (IAV) (Figure 3a). Treatment with AV resulted in a
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mean of 123 pg/mL +12.67. Treatment with [AV + wheat lectin resulted in a mean of 143 pg/mL
+100.2 and treatment with IAV + bean lectin resulted in a mean of 109 pg/mL £28.67. Treatment
with wheat lectin alone resulted in a mean of 120 pg/mL +5.437 and treatment with bean lectin
alone resulted in a mean of 134 pg/mL £22.5. Finally, untreated cells resulted in a mean of 129
pg/mL £32.27. 1 observed that IAV infection did not induce significant amounts of IL-1f and
that lectins also had no effect on IL-1p levels (Figure 3a).

IL-6 Cytokine Response. I also examined the effects of bean or wheat lectin on the IL-6
cytokine response of BMDM treated with LPS + ATP (Figure 2b). Similar to IL-1p, I did not
observe any effect of lectin treatment on IL-6 levels in LPS+ATP treated cells. However, I did
notice that treatment of cells with bean lectin alone stimulated a significant increase in 1L-6.
Treatment with bean lectin resulted in a mean of 1,019 pg/mL +983.1. However, treatment with
wheat lectin resulted in a mean of 377 pg/mL £269.9, and untreated cells had a mean of 254
pg/mL +174.6. Similar results were observed during IAV infection. IL-6 levels were not affected
by lectin treatment during IAV infection (Figure 3b). However, treatment with bean lectin
resulted in a mean of 7,455 pg/mL +5,808 compared to treatment with wheat lectin 805 pg/mL
+193.7 or untreated cells 449 pg/mL +375.4.

Since I hypothesized that the treatment with lectins would cause an increase in the levels
of inflammatory cytokines, it was expected that the groups treated with either LPS + ATP or
IAV and either bean or wheat lectin would show higher levels of cytokines than any other
treatment groups. However, this was not the case. Instead, I observed that there was an increase
in IL-6 levels when comparing the cells treated with just bean lectin versus the uninfected cells
(Figure 2b) (p-value = 0.0138) and in the amount of IL-6 produced by cells treated with bean

lectin versus cells treated with wheat lectin (p-value = 0.0076) (Figure 3b).
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Figure 2. Pro-inflammatory cytokine levels following LPS + ATP and lectin treatment.
BMDMs were mock infected, infected with 1pug/mL LPS for 4 hours + SmM ATP for the last 30
minutes, wheat lectin for 4 hours, bean lectin for 4 hours, or LPS + ATP + lectin. Cell
supernatants were collected after 4 hours of treatment and examined for IL-6 (Fig. 2a) or IL-1P
(Fig. 2b) expression by ELISA. Cytokine concentration was determined by standard curve
generation using spectrophotometry. Statistical significance was determined using one-way
ANOVA with Tukey post-hoc for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Pro-inflammatory cytokine levels following influenza A virus (IAV) and lectin
treatment. BMDMs were mock infected, infected with 10 MOI influenza A virus (IAV), wheat
lectin, bean lectin, or IAV + lectin and incubated for 24 hours. Cell supernatants were collected
and examined for IL-6 expression by ELISA. Cytokine concentration was determined by
standard curve generation using spectrophotometry. Statistical significance was determined using
one-way ANOVA with Tukey post-hoc for multiple comparisons. *p<0.05, **p<0.01,
*x%p<0.001.
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Discussion and Conclusions

When faced with a stimulus, the immune system elicits a response tailored to that stimulus
through PRRs that recognize PAMPs and DAMPs. Typically, inflammation is triggered, and
inflammatory cytokines are released, leading to the recruitment of other leukocytes.
Inflammatory cytokines can be used as inflammatory markers to determine the severity and type
of immune response. IL-1p and IL-6 are common pro-inflammatory cytokines secreted by
macrophages and other immune cells that are used as inflammatory markers. Once the immune
system has cleared the body of the initial stimulus, the immune response terminates, and
homeostasis is restored. Sometimes though, a stimulus can linger, or the immune system can
malfunction, resulting in chronic inflammation. Chronic inflammation is associated with many
mental and physical disorders, such as cancer, autoimmune diseases, depression, obesity, and
gastrointestinal disorders [7]. With so many people suffering from chronic inflammatory
disorders and other metabolic disorders, it is important to evaluate the effect of diet on the
immune system, as metabolic processes can alter the immune response [9].

Lectins are proteins that bind to carbohydrates on cell membranes, making them important in
various biological processes. They are also capable of triggering an immune response. Since
plant lectins are a common component of what I eat daily, I wanted to investigate the possible
inflammatory effect they have on our digestive and immune systems. Wheat germ agglutinin
(WGA), a lectin found in wheat, is able to bind to N-glycolylneuraminic acid, the sialic acid
found in humans, meaning that it can bind to cell surfaces such as the epithelial layer of the gut
tissues [7]. Previous studies have shown that WGA can stimulate immune cells and increase
intestinal permeability in mice by inducing structural changes that elicit functional changes of

the cells [10]. This is important because increased permeability allows WGA to enter cells and
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potentially stimulate a pro-inflammatory immune response. In a study using murine peritoneal
macrophages, WGA induced the production of TNF-a, IL-1B, IL-12, and IFN-y [11]. In another
study using isolated human PBMCs, WGA stimulated the release of pro-inflammatory cytokines,
and a significant increase in the intracellular concentration of IL-13 was found after treatment
with WGA. These results showed that WGA 1is able to directly stimulate monocytes and
macrophages when delivered in vitro [7]. It is possible that my data did not show a significant
increase in the amount of IL-1p or IL-6 produced when BMDMs were treated with only wheat
lectin due to the concentration of lectin used. As previous studies have shown, wheat lectin is
capable of inducing macrophages to produce inflammatory cytokines in vivo and in vitro, so
theoretically, I should have seen an increase in those cytokine levels [7]. However, the doses
used by other researchers was much higher than the dose I used.

Phytohaemagglutinin (PHA) is a lectin present in red kidney beans. It causes leukocytes
and erythrocytes to aggregate, and it can act as an exogenous pyrogen. Upon entrance into the
blood, exogenous pyrogens interact with monocytes and macrophages, which results in the
release of proinflammatory cytokines. Also, PHA is used as a mitogen in biological,
immunological, and biochemical research. As a mitogen, PHA activates T cells through TLRs
and induces proliferation and differentiation of lymphocytes. In one study, it was reported that
PHA treatment increased the expression of IL-2, IL-2R, IL-6, IL-10, TNF-a, and IFN-y in human
peripheral blood mononuclear cells (PBMCs) [8]. This claim is also supported by data from my
experiment, as I did see a statistically significant (p-value = 0.0138) increase in IL-6 levels when
cells were treated with bean lectin versus the untreated cells (Figure 3b). However, it is
interesting that this result was not consistent with the results in Figure 2b, where IL-6 levels

produced in response to bean lectin treatment were not significantly different from the IL-6
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levels of untreated cells. The difference between Figures 2 and 3 is the conditions of the 12-well
plate that the cells were treated in. LPS + ATP treated cells and control cells in those
experiments were maintained in DMEM + 10% FBS. For the groups in the 12-well plate of the
IAYV treated cells, RPMI 1640 and 20% FBS media was used as the medium. It is not clear
whether this difference in medium explains the difference seen in the amount of IL-6 produced
by the cells when treated with the bean lectin, but it is something worth noting. Also, it is
possible that there would have been a more significant difference in my data had I used human
THP-1 cells rather than mouse BMDMs, as previous studies have reported that PHA treatment of
THP-1 cells resulted in the increased production of inflammatory cytokines like IL-6 [8]. When
treated with bean lectin alone, there was an increase in the level of IL-6 produced by the cells but
not IL-1B. This could be due to the bean lectin inducing the production of IL-6 through a
mechanism that is independent of the inflammasome, as there would be an increase in the level
of IL-1p as well if the inflammasome was involved.

For future studies, it would be interesting to analyze the effects of feeding mice a high-
lectin diet by observing their physical condition and cytokine production in vivo. Dietary lectins
may exert a much different effect when ingested rather exposing cells to them in vitro. Also, it
would be interesting to look at other inflammatory markers to see if lectins more strongly induce
the production of cytokines other than IL-1f and IL-6, such as anti-inflammatory cytokines, like
IL-10. Finally, it is possible that these lectins only affect certain stimuli, and future studies could
investigate the effects of dietary lectins on different diseases, especially gastrointestinal diseases

like celiac disease or irritable bowel disease.
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INHALATION OF SODIUM PYRUVATE TO REDUCE THE SYMPTOMS AND
SEVERITY OF RESPIRATORY DISEASES INCLUDING COVID-19, LONG COVID,

AND PULMONARY FIBROSIS

Abstract

Background. To combat the continuing COVID-19 pandemic, and to treat the symptoms
in Long COVID patients safe, effective, and inexpensive treatments are needed. Patients
recovering from severe COVID-19 are at serious risk of developing pulmonary fibrosis.
Conversely, patients with pulmonary fibrosis have an increased risk and susceptibility to
COVID-19 infection, demonstrating the need to treat both.

Design. Three separate clinical trials were conducted 1) in COVID-19 infected patients,
2) in Long COVID patients, and 3) in patients with Pulmonary Fibrosis to determine the efficacy
of N115, a sodium pyruvate based nasal spray. Patient symptoms, vital signs and respiratory
function were evaluated compared to a placebo control or a no treatment baseline control.

Findings. During active COVID-19 infection, N115 decreased viral titers and produced a
significant improvement over saline in coughing/sneezing and fatigue. In Long COVID patients,
N115 significantly reduced headache, coughing/sneezing and increased SaO» levels (decreased
hypoxemia) and improved breathing (dyspnea). In patients with Pulmonary Fibrosis, there was a
significant improvement in all lung functions, compared to baseline, as determined by changes in
Sa0,, FVC, FEV\, PEF, and FEV/FVC ratio.

Conclusions. N115 is safe and effective at reducing symptoms of active COVID-19
infection and improves disease condition in Long COVID patients. Furthermore, N115

significantly improves lung function in Pulmonary Fibrosis patients. As COVID-19 and
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Pulmonary Fibrosis are associated with each other, our clinical research demonstrates that N115
is a promising treatment for both and adds to the current 19 human clinical trials where N115 has
shown efficacy in thousands of patients, regardless of the etiology of the lung disease (COPD,
CF, allergic rhinitis, sinusitis, the flu, COVID-19 infected patients, Long COVID and patients

with Pulmonary Fibrosis).

Introduction

COVID19 is a disease caused by the novel SARS-CoV-2 virus [1]. In the last 1.5 years
since the spread of this virus began a world-wide pandemic, hundreds of millions of people have
become infected and millions have died [2]. Although the advent of any novel pathogen is likely
to result in widespread infection and mortality, SARS-CoV-2 induces a particularly severe and
rapid form of pneumonia in some patients, concomitant with an overall cytokine storm but
diminished interferon responses [3]. Although case severity varies by sex, age and comorbidities,
some of the most severe comorbidities include high blood pressure, diabetes and interstitial lung
disease [4].

Interstitial lung disease encompasses a large group of chronic lung disorders associated
with excessive tissue remodeling, scarring, fibrosis, decreased FEV values, decreased SaO; and
decreased Nitric Oxide (NO) associated with nasal inflammation that causes congestion,
coughing and sleep disorders [5, 6]. Researchers have demonstrated that pulmonary fibrosis
increases risk and susceptibility to COVID-19 infection [7]. Acute exacerbations of idiopathic
pulmonary fibrosis (IPF) are known as serious events, which can reach a mortality rate of 50%
when viral infections play a role [8]. This isn’t surprising considering pulmonary fibrosis and

severe cases of COVID-19 share a few common risk factors, including: increasing age, male sex,
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diabetes and hypertension [9, 10]. Given that pulmonary fibrosis (PF) debilitates lung function, it
makes sense that PF would only increase the risk of having a severe case of COVID-19.

Understandably so, these overlapping risk factors are cause for concern when it comes to
mitigating a double attack on the lungs, should a patient become exposed to COVID-19.
Inversely, people recovering from severe COVID-19 are at serious risk of developing PF [9, 10]
clearly demonstrating the two-way relationship between COVID-19 and PF, which calls for
specific considerations in how they interact. There are millions of patients worldwide with Long
COVID symptoms, (patients that had COVID with lingering symptoms), including coughing,
fatigue, low Sa0O», and many with respiratory issues like PF and interstitial lung disease [8, 11].
In 2015, there were over thousands of complaints to the FDA stating that steroids, and all the
available nasal spray products, failed to provide relief from nasal inflammation or treat the
symptoms of IPF [12]. With many Long COVID patients developing PF and interstitial lung
disease, new therapies are needed.

In the COVID-19 infection arm of this research study, we show that N115 is slightly
better than saline at reducing viral loads, but N115 was clinically superior over saline in reducing
some symptoms of COVID-19 infections, including coughing/sneezing and fatigue. In long
COVID, N115 significantly reduced hypoxemia (low Sa0O), coughing/sneezing, trouble
breathing, and headaches. In our current and ongoing clinical trials examining the effects of
sodium pyruvate nasal spray (N115), we discovered that patients with PF with COPD and IPF
without a COPD component experienced significant improvement, including less coughing,
improved nasal irritation/erythema, increased average expelled-NO, higher SaO», and improved

lung function (FVC, FEV\, PEF, and FEV;: FVC ratio).
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Materials and Methods

COVID-19 Animal Research. Animal research was conducted at the Regional
Biocontainment Laboratory at the University of Tennessee Health Sciences Center, Memphis,
TN under Institutional Animal Care and Use Committee (IACUC) protocol 2021.013A
according to IACUC guidelines, AVMA Guidelines on Euthanasia, NIH regulations (Guide for
the Care and Use of Laboratory Animals), and the U.S. Animal Welfare Act of 1966. Two
groups of ten 5 — 6 weeks old female K18-hACE2 transgenic mice were infected by intranasal
installation of 800pfu of SARS CoV-2 P3 isolate USA-WA1/2020 in 50ul saline. Mice were
then treated from day 0-9 with nebulized saline (control) or N115 3x daily for 30 minutes each
treatment. Mice were weighed and monitored for survival daily for 14 days.

COVID-19 Infected Clinical Trial. Prior to conducting human clinical trials, IRB
approval was obtained (CIRBI:Pro00049340, Appendix B) and the trials were registered on

www.clinicaltrials.gov (NCT04824365, NCT04871815). The study protocol was prepared in

accordance with the revised Helsinki Declaration for Biomedical Research Involving Human
Subjects and Guidelines for Good Clinical Practice and patients included in this study were
provided written informed consent. This was a two-phase study. In the first phase, thirty adults
with confirmed active COVID-19 infections (by qRT-PCR) were randomly, and blindly,
assigned to either a saline nasal spray or a saline + sodium pyruvate nasal spray (N115) treatment
group. Patients were instructed to use their spray 3x daily for 14 days. Patient’s vital signs (BP,
Sa0,, HR, RR, Temp.) were monitored and nasal swabs tested for SARS-CoV-2 levels every 2
days for 14 days. Patients were asked to complete a Daily Symptoms Log every day for 14 days,
scoring the symptoms on a Likert scale from 0-10 with 10 representing the most severe

symptoms. Symptoms included fatigue, coughing/sneezing, sore throat, chills, congestion,
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trouble breathing, headache and body ache. Patients also recorded their body temperature 2x
daily for the 14 days.

Long COVID Clinical Trial. In the second phase of the study, 22 patients were enrolled
and served as their own negative controls. Patient’s vital signs (BP, SaO», HR, RR, Temp.) were
recorded on the first day, and patients were asked to complete daily symptoms log every day for
7 days without the use of the study medication. Patient’s symptoms (coughing/sneezing, chills,
trouble breathing, body aches, headaches, fatigue, anxiety, loss of taste/smell and sore throat)
were scored on the log using a Likert scale from 0-10 with 10 representing the most severe
symptoms. On day 8, patient’s vital signs were recorded again as a baseline and the patient
administered the first dose of N115. Fifteen minutes later, the patient’s vital signs were again
tested, and the patients were asked to complete the same daily symptoms log every day for 7
more days while using N115 3x daily as a nasal spray. After the second week, the patients
returned for a final collection of vital signs.

Pulmonary Fibrosis Clinical Trial. An initial twenty-one-day sub-chronic clinical trial
was conducted that included fifteen patients with PF (9 with PF and COPD and 6 with IPF
without COPD) that remained on their normal medications but were also administered the 20mM
sodium pyruvate nasal spray (N115). If the patients were also on nasal sprays as part of their
normal therapy, that nasal spray was eliminated. In all 15 patients, the test results were compared
to their previous three-week screening and baseline data on their current therapies as the baseline
control for each variable for all their lung functions (FEV1, FVC, PEF, FEV/FVC ratios, SaO»,
Nitric oxide, coughing rates, and nasal inflammation). Following this, five new patients with PF
and COPD had their medications removed and were administered N115 for three days in order to

assess its effect without any other medication.
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Results

COVID-19: Acute infections in animals. Previously, we demonstrated that treatment
with sodium pyruvate can improve inflammation and decrease viral loads in mice during
infection with influenza A virus and HSV1 [13, 14]. As pyruvate acts on the host immune
response, through metabolic pathways and not directly on the virus [15], our data demonstrate
that sodium pyruvate is a promising treatment option that is safe, effective, and unlikely to elicit
antiviral resistance. We, therefore, examined the effects of N115 treatment in hACE2 transgenic
mice infected with SARS-CoV-2 to determine safety and efficacy. Mice treated with nebulized
N115 lost significantly less weight compared to mice treated with nebulized saline (Figure 1).
Mortality was similar between groups, but the infectious dose was not expected to result in high
mortality. From this preliminary animal study, and in conjunction with multitudes of previously

reported safety data [13, 14], we proceeded with a clinical trial in humans with active infection

of SARS-CoV-2.
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g

:

=

=

=
1

g

94 & SARS CoV-2+Saline
- SARS CoV-2+MN115 #

% Original Body Weight

£

Treatment |

—T—TTT T T T TrTTTT
01 2 3 4 5 6 7 8 9 10 11 12 13 14

Days post infection
Figure 1: Effects of N115 treatment in mice infected with SARS CoV-2.
Two groups of ten mice each were infected with 800pfu of SARS CoV-2 P3 isolate USA-
WA1/2020 in 50pl saline intranasally. One group of ten mice was then treated with PBS 3x daily
and the other group of ten mice treated with N115 3x daily. Mice were weighed daily and

monitored for malaise and mortality for 14 days. Statistical analysis was performed by two-way
ANOVA (*p<0.05).
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COVID-19 Infected Patients. This clinical trial was designed to determine the safety
and efficacy of N115 against saline in COVID-19 infected patients. Thirty adults (Demographics
presented in Table 1) with confirmed (positive RT-qPCR test) active COVID-19 infections were
randomly, and double blindly, assigned to either a saline nasal spray or a saline + 20mM sodium
pyruvate nasal spray (N115) treatment. Patients self-administered the sprays 3x daily for 14
days. Saline is acknowledged (Edenborough ELVIS project) to physically reduce nasal viral
titers by 0.5 logs to 0.7 logs over untreated patients and reduces mucus and allergens which
subsequently reduces congestion, trouble breathing, and sore throats [16]. Therefore, saline is not
a true placebo for this study but a standard of care. Viral titers in N115 treated patients were
lower compared to saline treated patients through day 8 as measured by RT-qPCR from nasal
swabs (p<0.0197) (Figure 2A). N115 lowered viral titers below 10,000, the value that has been
reported to significantly decrease transmission of the virus [17]. The mean day for patients to
drop below 10,000 viral genome copies as measured by RT-qPCR from nasal swabs was day 6.4
for N115 vs. day 7.7 for saline.

Patient’s vital signs (BP, SaO>, HR, RR, Temp.) were monitored every 2 days for 14
days. Patients were asked to complete a Daily Symptoms Log every day for 14 days, scoring the
symptoms on a Likert scale from 0-10 with 10 representing the most severe symptoms. Patients
also recorded their body temperature 2x daily for the 14 days. Over the fourteen-day trial, there
was no significant change in blood pressure (BP), heart rate (HR), or respiratory rate (RR). We
observed similar improvements in patients treated 3x daily with either saline or N115 in SaO»,
trouble breathing, and sore throat (Figure 2B and Table 1). However, N115 performed
significantly better with coughing/sneezing (p<0.0435) and fatigue (p<0.0001) symptoms over

saline. (Figure 2C-D and Table 1). We observed significant improvements in patients treated 3x
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daily with either saline or N115 over the 14 days, for fever, body aches, headaches and chills that

resolved and returned to normal levels by day 14 as viral numbers decreased, but conversely,

N115 treatment resulted in higher body temperature (Fever, p<0.0030) and higher scores for

body aches (p<0.0001), headaches (p<<0.0001), and chills (p<0.0001) over saline (Figure 2E-H

and Table 1). No adverse events were reported from the use of either saline or N115 by patients

or clinical staff.

Table 1. Patient Demographics and Symptom Data

N115 Treated Mean Saline Treated Mean SED P value
(15 patients) (15 Patients)

Age (Stdev) 53.2 (£17.57) 54.73 (£19.51)

Sex Female (11) Female (12)

(Number) Male (4) Male (3)

Ethnicity Latino (15) Latino (15)

(Number)

Symptoms  Fever (14) 99.65 Fever (14) 99.34 0.1049  0.0030

(Number of Body Aches (10) 5.186 Body Aches (8)  3.482 0.3035 <0.0001

patients Headaches (5) 3.571 Headaches (7) 1.939 0.3362 <0.0001

exhibiting Chills (8) 3.929 Chills (8) 1.964 0.2473  <0.0001

symptoms)  Congestion (8) 3.241 Congestion (10)  3.107 0.3177 0.6738
Coughing/Sneezi 2.543 Coughing/Sneezi 3.026 0.2382  0.0435
ng (9) ng (11) 0.2832  0.2753
Trouble 3.310 Trouble 3.000 0.2636 <0.0001
Breathing (12) Breathing (11) 0.2711  0.8509
Fatigue (7) 4.020 Fatigue (4) 5.446
Sore Throat (8)  3.184 Sore Throat (8)  3.235

Mean body temperature and patient scores for each sign or symptom over the 14 days of the trial. (SED) standard error of differences, (Stdev)

standard deviation. Statistical analysis was performed using two-way ANOVA. p<0.05 was considered statistically significant.
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Figure 2: Effects of N115 treatment in Active COVID-19 Infection.

Thirty patients were randomly assigned to either the saline control or the N115 treatment group.
Viral titers (A) and SaO; (B) were measured every 2 days. Coughing (C), Fatigue (D), Fever (E),
Body Aches (F), Headaches (G), and Chills (H) were measured or scored daily on a Likert Scale
(0-10, 10=most severe). Data were analyzed for statistical significance by two-way ANOVA.
(*p<0.05, **p<0.01, ***p<0.0001)
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Long COVID. We next examined the effects of N115 in patients that were experiencing
long-term symptoms after recovering from active COVID-19. These patients, known as Long-
COVID patients, were monitored for symptoms for one week with no treatment followed by one
week of treatment with N115. Patients were not randomized but served as their own negative
controls. During the initial 7 days when patients received no treatment, there was no significant
change in SaO: or heart rate, but there was a slight improvement in BP 1.25mmHg (p=0.015)
(Figure 3A-D). Heart rate remained stable throughout the trial (Figure 3B). There was additional
improvement in BP after N115 treatment within 15 minutes after the first treatment (Day 8 post
vs. Day 1, -2.25mmHg, p<0.0001) and BP remained lower on day 14 (Day 14 vs Day 1, -
2.0mmHg, p=0.0026) (Figure 3C-D). Importantly, 15 minutes after the first dose of N115 was
administered on day 8, SaO; improved by 0.5% from the pretreatment reading on the same day
(p=0.0114). It continued to improve, and on day 14, SaO; levels improved by 1.63% over day 1
and 1.5% over day 8 pretreatment (p<0.0001 and p<0.0001) (Figure 3A).

During the first 7 days, when there was no treatment, patients reported little to no change
in symptoms including body ache, headache, coughing/sneezing, and trouble breathing.
However, after N115 treatment for 7 days, patients reported a significant 1.143-point
improvement in headaches (p=0.0373), a 2.455-point improvement in coughing/sneezing
(p=0.0091), and a 3.5-point improvement in trouble breathing (p<<0.0001) (Figure 3E-H).
Fatigue, anxiety, loss of taste/smell, congestion and body aches also showed some improvement,
but the changes were not significant due to a lack of power from too few patients presenting with
these symptoms enrolling in the study (Table 2). Overall, our results demonstrate that N115
significantly improves respiratory function in as little as 15 minutes with substantial

improvement within 7 days compared to no treatment controls.
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Pulmonary Fibrosis. Many long COVID patients develop PF [9, 10]. Therefore, we
include here our data on N115 treatment of PF. Treatment of 15 patients with pulmonary fibrosis
with N115, in addition to their standard medication, resulted in a significant (p=0.010)
improvement in lung function (breathing) in all patients with IPF without COPD by day eight,
and further increasing by day 22 compared to baseline (p=0.0005), as determined by changes in
FVC, FEV,, PEF, and FEV/FVC ratios (Figure 4A-C). The improved FEV/FVC ratio from
52% to 86% was clinically significant. N115 treatment also showed that coughing was
significantly reduced in all patients (p=0.007) (Figure 4D), a significant improvement in nasal
irritation/erythema with most patients being free of irritation by day 22 (p=0.0001) (Figure 4E),
and a significant increase in the group average expelled NO by day 8 (p=0.010) (Figure 4F).

These results indicated that current therapies in use are inadequate alone to treat patient with IPF.

Table 2: Patient Demographics and Symptom Prevalence

(22 patients)
Age 31.68 (£9.25)
Sex Female (11)

Male (11)
Symptoms  Fever (<99.5°F) (1)
(Number  Body Aches 3)
of patients Headaches (7)
exhibiting  Chills 0)
symptoms) Congestion 4)

Coughing/Sneezing (11)
Trouble Breathing  (16)

Fatigue 3)
Sore Throat (1)
Smell/ Taste 4)
Anxiety (2)
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Figure 3
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Figure 3: Results from N115 treatment of Long COVID Patients. Twenty-two patients were
monitored for signs and symptoms for 7 days without treatment and then for an addition 7 days
with N115 treatment. SaO> (A), Heart Rate (B), Systolic Blood Pressure (C) and Diastolic Blood
Pressure (D) were measured on day 1, day 8 before treatment, day 8 after treatment (15 minutes
after treatment), and day 14 (7 days of treatment). All symptoms including Body Aches (E),
Headaches (F), Coughing/Sneezing (G) and Trouble Breathing (H) were measured or scored
daily on a Likert Scale (0-10, 10=most severe) for 7 days prior to treatment and measured again
from day 8-14 with N115 treatment. Data were analyzed for statistical significance by one-way
ANOVA (A-D) or two-way ANOVA (E-H). (*p<0.05, **p<0.01, ***p<0.0001).
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Figure 4: Sub-Chronic treatment of PF patients with N115. Fifteen patients (9 with PF and
COPD and 6 with IPF without COPD) were monitored during a three-week screening to
establish a baseline. Patients were then treated with N115 for 21 days and signs or symptoms

collected on the indicated days. Data were analyzed for statistical significance by one-way
ANOVA. (*p<0.05, **p<0.01, ***p<0.0001).
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In a second round, five patients with PF and COPD had their medications removed and
were administered only N115 nasal spray solution for three days in order to assess its effects.
The data from the three-day trial indicated a statistically and clinically significant improvement
in lung function compared to baseline with increases that ranged from 12.0% to 43% in FVC,
FEVi, PEF, and FEV/FVC ratios (Figure SA-C). A significant improvement was also seen in
Sa0; levels, compared to baseline, such that all subjects had SaO; levels of >97, which persisted

throughout the trial (p-values <0.001 at all time points) (Figure 5D).
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Figure 5: Acute treatment of PF with N115.

Following the 1-3-day pre-study period, eligible moderate PF patients returned to the clinic and
were admitted to the Acute Phase three-day study. On day one of the study, patients were
removed from their current therapies and patient data were recorded as the baseline prior to
treatment. Then, patients were treated with N115 nasal spray and data recorded at the indicated
times. Data were analyzed for statistical significance by one-way ANOVA. (*p<0.05, **p<0.01,
**%p<0.0001)
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Discussion and Conclusions

To combat the continuing COVID-19 pandemic, and to treat the symptoms in long
COVID (hypoxemia (low Sa0.), fatigue, coughing/sneezing, trouble breathing, body aches,
headaches and pulmonary fibrosis), N115 (sodium pyruvate) was chosen because of its safety
and efficacy profile after treating 3.5 million patients in over 200 hospitals globally with no
adverse events reported. In 19 Phase I, 11, III FDA human clinical trials, against a saline placebo,
only N115 reduced inflammation and oxygen radicals and inflammatory cytokines including IL-
6, a cause of the cytokine storm in patients with an active COVID-19 infection [18]. In prior
clinical trial, N115, not the saline placebo, reduced congestion and coughing while increasing
lung functions, increasing the synthesis of NO, and increasing SaO- levels in thousands of
patients including patients with varying lung diseases like COPD, pulmonary fibrosis, cystic
fibrosis, allergic rhinitis, sinusitis and influenza infected patients [18]. Numerous studies have
shown oxidative stress to be associated with pulmonary fibrosis, including Long COVID patients
with PF, and that antioxidants are effective in attenuating fibroproliferative responses in the
lungs of animals and humans [18-22]. Sodium Pyruvate is a natural antioxidant of the human
body that inhibits fibrosis and received Orphan Drug Designations for the treatment of Cystic
Fibrosis and Pulmonary Fibrosis [14, 18, 21]. The objective of the clinical trials reported here
was to study the safety and efficacy of N115 and changes in lung function and COVID
symptoms in acute virally infected COVID-19 patients, patients with chronic symptoms after
COVID-19 (Long COVID), and patients with PF.

In the COVID-19 infections study, saline nasal spray was used as a control. However,
saline is acknowledged (Edenborough ELVIS project) to physically reduce other Coronavirus

titers by 0.5 logs to 0.7 logs over untreated patients, and saline also reduces mucus and allergens
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which subsequently reduce congestion, trouble breathing, and sore throats [16]. Therefore, saline
is not a true placebo. Still, N115 lowered viral titers to below 10,000 by day 6.4 versus day 7.7
for saline. As titers below 10,000 reduce the transmission of COVID-19, this may help decrease
virus spread in N115 treated patients [17]. N115 was also significantly better at reducing some of
the symptoms of COVID-19 infections including coughing/sneezing and fatigue. Unfortunately,
other drugs tested for COVID-19 treatment delivered in saline have reported increased coughing,
sore throat, irritation, and other negative symptoms. As reported by the WHO, steroids increased
SARS CoV-2 titers over untreated patients, potentially exacerbating infection. Unlike steroids
that down-regulate nasal nitric oxide synthesis, sodium pyruvate reduces nasal inflammation
while increasing the synthesis of nitric oxide in the nasal passages that is released into the lungs.
Nitric oxide is then available to the lungs to fight infections, maintain bronchodilation, increase
lung functions and decrease lung fibrosis [23-29].

Over the fourteen-day trial, patients treated with either saline or N115 showed
improvement in headaches, trouble breathing, body aches, chills, sore throats, coughing/sneezing
and fatigue. N115 treated patients did have slightly higher fever and took longer for chills, body
aches and headaches to return to normal. As N115 works by modulating the immune response,
including increasing NO etc., and not by direct antiviral activity, some increase in immune
responses is anticipated while others are anticipated to decrease [13-15]. However, saline, does
not affect inflammation or inflammatory cytokines, does not decrease oxygen radicals, or
decrease coughing or increase lung functions, which are all desirable for treatment of COVID-19
and Long COVID or patients with PF and are documented with N115. Furthermore, N115 is not
likely to elicit antiviral resistance as it targets the host response and not the virus directly. As

SARS CoV-2 variants continue to immerge to the vaccine and are likely to immerge to antiviral
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drugs, the development of immune modulators like N115 that can treat COVID-19 patients is
essential.

Long COVID patients were monitored for symptoms for one week with no treatment
followed by one week with treatment with N115. Patients were not randomized but served as
their own negative controls. During the first 7 days, when there was no treatment, patients
reported little to no change in symptoms. However, after N115 treatment for 7 days, patients
reported a significant improvement in headache, coughing/sneezing, and trouble breathing. Most
importantly, N115 treatment improved SaO, from the pretreatment reading on the same day and
continued to improve blood oxygenation through day 14 as well as lowering blood pressure.
Overall, N115 significantly improves respiratory function, which was supported by the patient’s
scores on trouble breathing and SaO».

Numerous reports indicate that long COVID patients develop pulmonary fibrosis,
associated with excessive tissue remodeling, scarring, fibrosis, decreased FEV values, decreased
Sa0; and decreased Nitric Oxide (NO) associated with nasal inflammation that causes
congestion, coughing, trouble breathing, and sleep disorders [10, 11, 30-33]. Also, patients with
pulmonary fibrosis have an increased risk and susceptibility to COVID-19 infection, which can
reach a mortality rate of 50% [7, 34]. Thus, N115 was used to determine its efficacy and safety
in these patients too. During the acute treatment of patients with PF with a COPD component,
their regular therapy was removed, and they were treated for three days with only N115 nasal
spray, which demonstrated a statistically and clinically significant improvement in all lung
functions compared to baseline as determined by changes in FVC, FEV, PEF, and FEV/FVC
ratios, which persisted throughout the three-day trial. A significant immediate average

improvement was also seen in SaO; levels.
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The results in the sub-chronic 21-day clinical test of patients with PF with a COPD
component and patients with IPF without a COPD component, showed that inhalation of N115
for 21 days provides a significant reduction in coughing by day eight of the treatment, and
continued to decrease over the course of the 21-day treatment. There was a significant
improvement in nasal irritation/erythema with most patients being free of irritation by day 22.
The group average expelled NO was higher, with 14 of 15 patients showing an increase during
the study. Patients with PF with a COPD component remained on their regular therapy. Thus, no
improvement in some lung functions was anticipated. However, there was a significant

(p=0.010) improvement in lung function observed in all patients with IPF without COPD, while

on their current medications as determined by changes in FVC, FEV, PEF, and FEV/FVC
ratios. The improved FEV/FVC ratios from 52% to 86% was clinically significant and indicated
that current therapies in use are inadequate to treat patient with IPF. This study confirmed the
thousands of complaints to the FDA stating that steroids, and all the available nasal spray
products, are inadequate to provide relief from nasal inflammation or treat the symptoms of IPF
[12]. Importantly, very high patient acceptance of the N115 drug was reported (8 to 10 out of 10:
“very good” or “excellent”).

Although the number of patients enrolled in these trials was small, thus decreasing the
power of the statistical analysis, the results all indicate that N115 is able to improve lung
function, especially in patients suffering from chronic conditions such as PF and Long COVID.
Seventeen other clinical trials with data submitted to the U.S. FDA also demonstrate similar
findings in patients treated with N115 including COPD, cystic fibrosis, allergic rhinitis, sinusitis
and influenza infected patients where lung function, NO and SaO; improved with N115

treatment. In these studies, as in the previous 17 studies, N115 must be inhaled, and our previous
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work shows that the route of administration is important for the function of sodium pyruvate [13,

14]. Overall, our results demonstrate that N115 is a promising treatment that warrants further

investigation.
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OVERALL CONCLUSIONS

Diet and metabolism significantly affect the immune system and should be studied
extensively as every nutrient that is consumed affects the body in some way. In this study, I
found that in the absence of infection, treatment with bean lectins resulted in an increase in IL-6
production by macrophages. This is consistent with previous studies that have shown that PHA is
inflammatory, activates T cells, and induces proliferation and differentiation of lymphocytes. It
was also reported in a previous study that PHA treatment increased the expression of
inflammatory cytokines like IL-6 and TNF-a in human PBMCs. [36]. While I did not see a
statically significant increase in IL-1P or IL-6 when cells were treated with wheat lectin, it has
been reported in previous studies that WGA induces the release of pro-inflammatory cytokines
and can stimulate monocytes and macrophages. Importantly, WGA has been shown to increase
permeability of cells in the gastrointestinal tract which could lead to inflammation in the gut and
could contribute to diseases like irritable bowel syndrome [37]. While this study examined the
effects of red kidney bean lectin and wheat lectin on the levels of IL-1p and IL-6 cytokines
produced by mouse macrophages, there are many other dietary lectins that could be studied as
well.

Endogenous metabolic products also play a critical role in the regulation and modulation
of the immune response. Pyruvate is a metabolite that plays a critical role in energy production.
It is the end product of glycolysis and the starting material for the tricarboxylic acid (TCA) cycle
[38]. Sodium pyruvate is an endogenous antioxidant that is secreted by cells and can react with
oxygen radicals to detoxify them and prevent them from damaging organs [39]. Sodium pyruvate

has been shown to decrease inflammasome activation during influenza A infection [34]. In a
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previous study, it was found that inhalation of sodium pyruvate nasal spray can decrease nasal
inflammation and congestion in patients with allergic rhinitis [39]. Nasal inflammation was a
symptom studied briefly in the pulmonary fibrosis leg of the clinical trial discussed earlier
herein. 40 to 80% of COPD patients also have nasal symptoms like allergic rhinitis, and some of
the clinical trial patients had both pulmonary fibrosis and COPD [39]. Therefore, sodium
pyruvate could possibly provide these patients with much needed relief, without the risk of
adverse effects. In addition to these findings, hypertonic sodium pyruvate was found to be more
effective in protection against inflammation and stress injury events than Ringer’s ethyl pyruvate
[40]. Sodium pyruvate is also useful in the storage of organs for transplant surgeries because it
decreases the amount of cell death and increases graft metabolism [41]. While there has already
been a lot of research on the therapeutic potential of sodium pyruvate, more research needs to be
done to explore the entirety of its uses.

Lectins and pyruvate are just 2 of thousands of dietary and metabolic products that
impact the immune system. In general, diet and metabolism play a significant role in the
regulation and modulation of the immune response. There are many different “fad diets” that on
the surface seem like their goal is to make the body healthier. However, these diets may provide
inadequate nutrition for a properly functioning immune system and could exacerbate prior
chronic diseases [42]. Preventing and treating obesity is important, as being obese or overweight
increases the risk of cardiovascular disease, high blood pressure, diabetes, and many other
diseases and disorders [43]. However, it is also important to provide the body with enough
nutrients so that it can function optimally. This is especially important for the immune system
since it requires more nutrients due to increased metabolic rate during an infection. In addition,

diet plays a critical role in the maintenance and health of the gut microbiome. Recent studies
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have suggested that the composition of the gut microbiome is pivotal in the regulation of chronic

diseases like obesity, type 2 diabetes, cardiovascular disease, inflammatory bowel disease, and

inflammatory skin conditions [44]. Since diet is easily changeable and can rapidly alter the gut

microbiome, it is important to understand how specific foods affect the bacterial species present

and what the implications of those alterations are. In general, it is vital that we continue to

research and investigate the essential roles that diet and metabolism play in a healthy immune

system.
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