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Abstract

Butyrate is a gut microbiome-derived short chain fatty acid with pleiotropic favorable ef-
fects on inflammation and metabolism. In murine models of atherosclerosis, butyrate has
been shown to significantly reduce atherosclerotic lesions, rectify routine metabolic parame-
ters such as low-density lipoprotein cholesterol (LDL-C), and reduce systemic inflammation.
However, its foul odor, rapid metabolism in the gut and thus low systemic bioavailabil-
ity, limit its therapeutic effectiveness. Our laboratory has engineered an ester-linked L-
serine-conjugate to butyrate (SerBut) to mask its taste and odor and to co-opt amino acid
transporters in the gut to increase its systemic bioavailability as determined by tissue mea-
surements of free butyrate, produced by hydrolysis of SerBut. In vitro, SerBut maintains
the anti-inflammatory, NFxB-suppressing capacity of butyrate while allowing higher dosing
without cytotoxicity. In an apolipoprotein-E (ApoE)'/ ~ mouse model of atherosclerosis, Ser-
But reduced systemic LDL-C and pro-inflammatory cytokines, plaque burden in the aortic
root, and monocytes in the aorta. In addition, SerBut suppressed circulating liver injury
markers and early steatosis in the liver. SerBut overcomes several barriers to the transla-
tion of butyrate and shows superior promise in slowing atherosclerosis and liver injury than
equidosed sodium butyrate.

Efferocytosis maintains homeostasis by suppressing secondary necrosis and promotes im-
mune tolerance through propagation of TAM receptor signaling. Growth arrest-specific 6
(GAS6), a bridge protein mediating efferocytosis through TAM receptors, has been impli-
cated in regulation of inflammatory cycles. However, the mechanism of tolerogenic antigen
presentation is incompletely understood. To unravel the interplay between an efferocytic
antigen, the dendritic cell (DC) collecting it, and the T cell engaged in that immune synapse,
we engineered a GAS6 bridge protein by fusing it to the model antigen ovalbumin yielding
GAS6-OVA (GO), providing an experimental tool enabling characterization of efferocytic

myeloid-lymphoid signaling. A non-PS-binding proteoform of GO (AGO) distinguished be-



tween effects mediated by TAM receptor signaling alone or associated with apoptotic debris.
GO induced tolerogenic antigen presentation by both MHC-I and MHC-II under both home-
ostatic and inflammatory conditions, resulting in antigen-specific tolerance including Treg
proliferation and terminal exhaustion of CD8' T cells. Flow cytometry revealed reciprocal
tolerogenic polarization by both myeloid and lymphoid sides of the immune synapse. GO
pre-exposure ameliorated inflammatory airway pathology in a murine model, demonstrating
functional potency of the GAS6-mediated tolerogenic pathway with an endogenous reper-
toire. Thus, when antigen is collected and presented via the GAS6-mediated pathway of
efferocytosis, reciprocal tolerogenic antigen presentation occurs by both MHC-I and MHCII

in a PS binding dependent manner regardless of inflammatory conditions.
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"I am a thing which thinks, that is to say, which doubts, which affirms, which denies, which
knows a few things, which is ignorant of many, which loves, which hates, which ills, which
rejects, which imagines also, and which senses. For as I have previously remarked, although
the thing which I sense and which I imagine are perhaps nothing at all apart from me and
in themselves, I am nonetheless sure that those modes of thought which I call sensations
and imaginations, only just as far as they are modes of thought, reside and are found with
certainty in myself.”

Rene Descartes, First Meditations on Philosophy. Meditation Three.
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CHAPTER 1
A BRIEF EXPLINATION OF IMMUNOMETABOLIC
INFLUENCE ON CHRONIC DISEASE



1.1 Physiology and Relevant Biochemistry

1.1.1 The Gut

Amino Acid Absorption and Transport in the Gastrointestinal Tract

Unlike some other food molecules, most amino acids are immediately released into circulation
and distributed to peripheral tissues. Postprandial metabolism refers to metabolism after
a meal. Postprandial absorption and metabolism of amino acids can be highly dependent
on varying biological and experimental conditions including the assessment window. Daily
absorption of protein, as amino acids or peptides, in the intestine exceeds the amount of
protein consumed throughout the day due to recycling of endogenous proteins. This can be
up to 170 g in humans, 1.7X more than average protein consumed in developed countries.
Proteins are broken down in both the gastric fluid and at the brush border of the intestine by
peptidases(1). Specific transporters for amino acids and peptides are found in the enterocytes
of the small intestine, absorbing mainly in the proximal jejunum(2) (Figure 1.1). Although
significant transport capacity can be found in other parts of the intestine, only about 5%
of protein absorption occurs in the colon including those amino acids generated by the
microbiome and endogenous recycling. Absorbed amino acids are taken up by specific apical
transporters, further digested in the case of peptides, and released into circulation via the
basolateral membrane(1, 3)(Figure 1.1).

Thus, the small intestine is an important contributor to plasma amino acid homeostasis
and amino acid transport in the large intestine is more relevant for bacterial metabolites or
fluid secretion. The distinct roles are due to the basolateral membrane expression of amino
acid transporters, which only transport amino acids into circulation in the small intestine.
This can be seen in apical versus basolateral amino acid transporter expression along the
intestine. In the murine intestine, although expression of apical amino acid transporter

ATB 0 increases in expression in the distal gut, basolateral amino acid transporter LAT2

2
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Figure 1.1: Amino Acid Transport in the Human IntestineA. Schema of the hu-
man intestinal system. Made with Biorender.com B. Small Intestine.C. Colon. The apical
membrane is shown at the top, the basolateral membrane at the bottom. Arrows indicate
preferential direction of transport. For explanations, see text. Transporter acronyms are
shown. AAY, neutral amino acids, AA ", cationic amino acids, AA", anionic amino acids.
Tau, taurine; 5, beta-amino acids, P, proline; G, glycine. B and C are figures from Broer et
al. 2019. Comprehensive Physiology.



reduces inhibiting amino acid entry into circulation (Figure 1.2). Thus, the expression of
basolateral amino acid transporters restricts the sections of the gut that either contribute to
systemic amino acid homeostasis or stimulate gut specific effects. Recent work from Bhatia
et al exemplifies the alternative role of apical membrane amino acid transport in the distal
gut and establishes a cause-and-effect relationship between increased food intake/obesity
and SLC6A14 in knock-out mice (Figure 1.2). This work found the ATB textsuperscript+,0
transporter to regulate appetite by stimulating secretion of GLP-1 when amino acids in the
distal small intestine are sensed(3)

Amino acid transporters are organized as solute carrier (SLC) families (Table 1). Amino
acid transporters can also be organized by “systems”, an older nomenclature still used, where
system A (alanine) carriers small and polar neutral amino acids and system ASC carries
alanine, serine, and cysteine. Amino acid transporters are promiscuous, accepting amino
acids with a range of similar biophysical properties. In this introduction we will focus on the
transport of neutral amino acids due to this dissertation’s emphasis on small polar amino

acid, L-Serine.

System | SLC AA substrates Affinity | Mech. | Ions Expression
A 38A2 G,P,A,Q,C,N,M* Med Symp Na Ubiquitous
38A4 | G,A,S,C,Q,N,NH3,AA Med Symp Na Kidney
ASC 1A5 AS.CT High Anti Na | Kidney/Intestine (AM)
1A5 AS,CT,Q,N High Anti Na Kidney /Intestine(AM)
pU+ 3A1 G,AS,CT High Anti - Kidney/Intestine(BM)
B 6A19 AADT BUT bAla High Symp | Na,CI’ Intestine(MA)
vy L 3A2 AAT, AAY Med Anti Na | Kidney/Intestine(AM)
L TAS8 AA except P Med Anti - -
N 38A5 Q,N,H,S,G Low Symp Na Kidney /Intestine(BM)

Table 1.1: Amino Acid Transport Systems that can Transport Serine

Neutral amino acid transport is dependent on sodium ion coupled transport, with sub-
strate affinity increasing with the length of the hydrophobic side chains and hyperpolariza-
tion. Km (the Michaelis constant) values ranged from 1-16 mmol/L. SLC6A19 (BYAT1)

4
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Figure 1.2: Amino Acid Transporter Expression in the Murine Intestine A. Expres-
sion of amino acid transporters along the mouse intestine. Expression data were extracted
from microarray data deposited in GEO datasets GDS 521, 522, and 524. A log2 scale is used
for transporter expression due to large differences in mRNA abundance. BOATl, b0’+AT,
y+LAT1, LAT2, rBAT, SIT1, and PAT1 show the typical signature for transporters primar-
ily involved in amino acid absorption (high in the small intestine, low in colon). ATB%* and
ASCT?2 show the opposite distribution. EAAT3 and TauT1 show a more even distribution
along the intestine. Figure from Broer et al. 2019. Comprehensive Physiology
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Figure 1.3: Differing Roles of Apical Amino Acid Transport in The Small Intestine
and the Colon A. Functional crosstalk between SLC6A19 in the proximal small intestine
and SLC6A14 in ileum and colon in the control of food intake and body weight. AAQ, neutral
amino acids; AAO,+, neutral and cationic amino acids; FGF21, fibroblast growth factor 21.
Data from Bhutia Y.D. et al, Biomolecules, 2022. 235.



transports all neutral amino acids with varying efficacy due to affinity differences in sub-
strates. The maximal rate (Vmax) values are similar, but affinities are reduced as amino
acids get shorter or bulkier. Substrate affinity is highest for methionine and branched-chain
amino acids followed by glutamine, asparagine, phenylalanine, cysteine, serine, glycine, tyro-
sine, threonine, histidine, proline, and finally tryptophan with the lowest affinity. Postpran-
dial absorption of methionine and the other branched amino acids (Isoleucine, leucine, and
valine) have the most rapid absorption rates after intestinal perfusion. Lower affinities are
seen for compounds without an a-amino group, compounds with the a-hydrogen substituted
by a methyl group, D-compounds, compounds with tertiary branching in the sidechain, com-
pounds with either a positive or negative charge in the side chain, and in the majority of

cases, compounds with a hydrophilic moiety in the side chain(4)

Beneficial Molecules from Bacteria in the Distal Gut

Complex carbohydrates are a network of monosaccharides linked together; they are in foods
ranging from ultra-processed cosmic brownies to fibrous vegetables like broccoli. Cells cannot
access the energy in these carbohydrates until they hydrolyze the bonds that hold the sugar
units together. Many complex carbohydrates that are unsubstituted at their reducing ends
are referred to as polysaccharides. Polysaccharides include the oligosaccharides of milk, the
cellulose of plant cell walls, and storage forms such as starch and glycogen. Other complex
carbohydrates are covalently connected to other molecules, such as proteins or lipids, by
glycosidic linkages of the sugar residues at their reducing ends to form glycoconjugates.
There are two types of glycosidic linkages, alpha and beta. Alpha(1-4) bonds are the
bonds found in glycogen and starch. They are characterized by a hydroxyl group (OH) on
the anomeric carbon below the plane of the ring. In cellulose, the glycosidic bond found is
called a Beta bond because the hydroxyl group on the anomeric carbon is in the beta position

above the plane of the ring. Hydrolysis of glycosidic bonds is catalyzed by enzymes that are



highly specific in the type of linkage they can cleave. Humans mostly have enzymes that
cleave alpha glycosidic linkages, with one exception. Lactase hydrolyzed the beta glycosidic
bond between glucose and galactose in lactose (a sugar found in milk). Lactose intolerance is
cause by a lack of this enzyme, or the disruption of the feed forward loop that stimulates its
transcription. Thus, some complex carbohydrates bound by beta linkages cannot be broken
down my endogenous enzymes due to the glycosidic linkages holding them together. Humans
can derive nutrition from fibrous plants due to breakdown of the beta glycosidic bonds in
plant walls by bacteria in the microbiome.

In this way,the microbiome influences the quality of the diet. Intestinal microbiome
communities also have massive impacts on sustaining immune homeostasis and protecting
against pathogens. Beta-glucans, complex carbs bound by beta glycosidic linkages, can bind
to receptors on immune cells and initiate an immune response. Pathogen associated molecu-
lar pattern (PAMP) receptors on dendritic and macrophage cells recognize beta-glucans and
can alert the immune system of, for example, a fungal infection or a pathologic bacterial
infection. However, the relationship is two-sided. Diet can also structure the microbiome.

The bacteria in the microbiome produce substances during their own metabolism that
are fundamental to human health. Dietary supplementation of indigestible polysaccharides
from plants, fungi, and probiotics benefits health by promoting microbial community growth
and producing metabolites of bacterial fermentation in the colon. Bacterial fermentation is
confined to the colon, or distal gut, because it requires an anerobic environment. Bacterial
fermentation produces short chain fatty acids (butyrate, acetate, and propionate), biogenic
amines (ex. serotonin, histamine, and dopamine), indole and tryptophan derivatives, and
secondary bile acids. These bacterial byproducts have complex and intensely studied benefits
on human health. Short chain fatty acids have been found to play roles in immune cell pro-
liferation and differentiation, chemotaxis, apoptosis, and gene expression. This dissertation

will focus on the immunomodulatory and metabolic effects of butyrate, a short chain fatty



acid.

1.1.2 The Liwer

The liver is made of hepatocytes, hepatic stellate cells, Kupffer cells, and liver sinusoidal
endothelial cells (LSECs). These cell types are highly organized and spatiotemporally regu-
late liver function. There are many channels carrying blood and bile throughout the liver.
Blood from the digestive tract enters the liver through the portal vein into the liver where
its contents can be processed by hepatocytes. After processing, nutrients or processed drugs
can be passed back into circulation or excreted. Many drugs are known to be metabolized
by the liver, mainly by cytochrome p450 enzymes or carboxylesterases. The main cell type
of the liver, hepatocytes, makes up approximately 70% of the mass of the liver. Hepatocytes
perform lipid metabolism, drug metabolism, and secrete coagulation and immune comple-
ment factors. Kupffer cells are the resident macrophage cells in the liver. Hepatic stellate
cells, although a very infrequent cell type, play a central role in vitamin A and lipid storage.
Hepatocytes are highly regulated by neighboring Kupffer cells and, in an inflamed state,
other infiltrating immune cells.

The liver can break down fat for energy, take up blood glucose via GLUT2 transporters,
and produce bile. After a meal, the liver switches very quickly from burning fat as energy
(Beta oxidation) to taking in glucose and storing excess as glycogen via glycogenesis. Bile is
released into the stomach and allows for the breakdown and absorption of fats. The GLUT2
transport allows the liver to regulate blood sugar after a meal. This transporter, as opposed
to GLUT4, has a low affinity for glucose. Thus, the liver absorbs sugar proportional to the
concentration in the blood, only allowing it to uptake excess or high concentration glucose.
This glucose can then be stored as glycogen for future use. Inversely, when hypoglycemia
occurs, the liver stimulates break down of glycogen and releases the resulting glucose into

the blood stream. The liver is the primary organ that converts excess glucose into lipids.



The liver can then store this extra energy as a lipid droplets or form lipoproteins to allow
the circulation of the lipids for consumption by peripheral tissues.

Kuffner cells respond to inflammatory stimuli by secreting inflammatory cytokines (IL-6,
[L-18,TNFa, IL-10, IL-4), growth factors, and reactive oxygen species (ROS) that induce
hepatic liver injury. Hepatic liver injury can be diagnosed with circulating enzymes Ala-
nine transaminase (ALT) and Aspartate transaminase (AST). ALT and AST are normally
contained within hepatocytes, but when they are damaged these enzymes can be released.
Acute liver damage activates differentiation of hepatic stellate cells to myofibroblast-like cells

that play a role in the development of liver fibrosis. LSECs assist in regeneration post injury.

An Brief Explanation Lipoproteins and Lipoprotein Packaging

Cholesterol and lipids are insoluble in water; thus, they must travel through the body pro-
tected from the surrounding soluble blood(5). This is done through association with proteins.
Lipoproteins are heterogeneous particles containing cholesterol esters and triglycerides sur-
rounded by free cholesterol, phospholipids, and apolipoproteins. They circulate hydrophobic
lipids throughout the body, allowing muscle and adipose tissue to cleave lipids off as needed
by lipoprotein lipase enzyme. Apolipoproteins facilitate lipoprotein formation and function.
Plasma lipoproteins can be divided into seven classes based on size, lipid composition, and
apolipoproteins (chylomicrons, chylomicron remnants, VLDL, VLDL remnants (IDL), LDL,
HDL, and Lp (a)) (Figure 1.4). Chylomicron remnants, VLDL, IDL, LDL, and Lp (a) are all
proatherogenic while HDL is not atherogenic. HDL is sometimes considered anti-atherogenic,
however this claim has not been substantiated by clinical trials where HDL was increased,
but cardiovascular events were not reduced(6-8). Apolipoproteins have four major functions
including 1) serving a structural role, 2) acting as ligands for lipoprotein receptors, 3) guiding
the formation of lipoproteins, and 4) serving as activators or inhibitors of enzymes involved

in the metabolism of lipoproteins(9).
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Figure 1.4: Triglyceride (TG)-rich lipoproteins are secreted by intestine (chy-
lomicrons) and liver (VLDL). lipoproteins deliver fatty acids to tissues via lipolysis in
circulation. Chylomicron remnants and a portion of the VLDL remnants are then taken up
by the liver. The remainder of the VLDL remnants is further metabolized to cholesterol-rich
LDL, which constitutes the main cholesterol carrying particles in humans. HDL is formed in
the circulation from lipid-poor apolipoproteins secreted by liver and intestine and from sur-
face components sloughed during lipolysis of TG-rich lipoproteins. Shown in blue are genes
confirmed to contribute to common variations in the concentrations of the major lipopro-
teins. Shown in red are the loci or genes newly identified in genome-wide association studies.
Figure from Lusis & Pajukata et al. 2008. Nature Genetics.
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Chylomicrons are the first lipoprotein to form from exogenous lipids when dietary lipids
are absorbed in the intestine. Chylomicrons travel through lymph fluid and circulate. The
liver creates VLDL, or very low-density lipoprotein, from endogenous lipids created by de
novo lipogenesis. When a lipoprotein has been emptied by tissues, it is called a chylomicron
remnant. Chylomicron remnants circulate until they are returned to the liver, where the
endogenous production of lipoproteins and de novo lipids begins. Lipoproteins can return
to the liver by association with lipoprotein receptors. These receptors can mediate cell to
lipoprotein lipid transfer (reverse cholesterol transport) (ex. ABCAL), or mediate uptake
of lipoprotein to utilize the lipids inside (ex. LDL-R). Receptors also exist to mediate the
transfer of lipids lipoprotein to lipoprotein (ex. CEPT) (Figure 1.4). The IDL are further
metabolized to LDL, which are taken up by the LDL receptor in numerous tissues including
the liver, the predominant site of uptake. Reverse cholesterol transport begins with the
formation of nascent HDL by the liver and intestine. These small HDL particles can then
acquire cholesterol and phospholipids that are efluxed from cells, a process mediated by
ABCAT1 resulting in the formation of mature HDL(10, 11). Mature HDL can acquire addition
cholesterol from cells via ABCG1, SR-B1, or passive diffusion. The HDL then transports
the cholesterol to the liver either directly by interacting with hepatic SR-B1 or indirectly
by transferring the cholesterol to VLDL or LDL, a process facilitated by CETP. Cholesterol
efflux from macrophages to HDL plays an important role in protecting from the development
of atherosclerosis.

low density lipoprotein receptor (LDL-R) is the most common receptor mediating en-
docytic uptake of lipoproteins. LDL-R is expressed in the liver and most other tissues.
LDL-R recognizes apolipoproteins Apo B-100 and ApoE, allowing it to mediate endocyto-
sis of lipoproteins containing these apolipoproteins (LDL, chylomicron remnants and IDL).
Endocytosis of lipoprotein leads to release of the contained cholesterol into the cell after

lysosomal degradation. This inhibits de novo lipogenesis by downregulating HMG CoA re-
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Figure 1.5: Overview of the major lipid metabolism pathways involved in lipid
uptake, lipogenesis and lipid degradation via fatty acid oxidation. Fatty acids are
converted from carbohydrates through glycolysis and the TCA cycle in mitochondria, and
are taken up by various pathways, such as passive diffusion and transport by lipoproteins
and fatty-acid-binding proteins. Cellular fatty acids are stored as TAGs in LDs, and certain
fatty acids function as signalling mediators and structural lipids. The lipids stored in LDs
are catabolized to meet energy demands by interacting with mitochondria and peroxisomes.
Orange arrows represent the anabolic pathways of lipids, whereas grey arrows indicate the
catabolic pathways. AA, arachidonic acid; ACC, ACC1; ACLY, ATP citrate synthase; AG-
PAT, 1-acylglycerol-3-phosphate-O-acyltransferase; ALA, a-linolenic acid; CD36, cluster of
differentiation 36; DHA, docosahexaenoic acid; EPA, eicosatetraenoic acid; ELOVLs, elon-
gation of very-long-chain fatty acid proteins; FAs, fatty acids; FABPs, fatty-acid-binding
proteins; FAHFA, fatty acid esters of hydroxy fatty acid; FATPs, fatty-acid-transport pro-
teins; G3P, glyceraldehyde-3-phosphate; LA, linoleic acid; MUFA, monounsaturated fatty
acid; PA, phosphatidic acid; PPP, pentose phosphate pathway; R5P, ribose-5-phosphate;
SPM, specialized pro-resolving mediator. Figure and figure caption from Jeon et al. 2023.
Nature Metabolism.
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ductase (the rate limiting enzyme of de novo lipogenesis), other pathway related enzymes,
and the expression of LDL receptors on the surface. Thus, the number of LDL receptors
is regulated by the amount of cholesterol in the cells. In this way, cholesterol in the cell
regulates the amount of LDL-R on the surface, and the amount of circulating LDL is influ-
enced by the expression of LDL-R. Logically, increased expression of LDL-R is associated
with reduced circulating LDL. Statins, or HMG-CoA reductase inhibitors, not only halt en-
dogenous lipid production, but also increase the expression of LDL-R on the liver’s surface.
Statins competitively bind to the active site of HMG-CoA reductase with higher affinity
than its substrate, thus reducing its activity. This results in reduced intracellular cholesterol
in the hepatocyte, stimulating an upregulation of LDL-R on the surface. Most circulating
cholesterol is hepatically produced rather than taken up through diet, so this mechanism

also reduces circulating LDL.

De Novo Lipogenesis: Fatty Acid Synthesis, Cholesterol Synthesis, & Lipid

Storage

De novo lipogenesis is the process by which a cell makes their own lipid, either fatty acid
or cholesterol. This process occurs after a meal in a well-fed state in order to start the
storage of excess energy as triglycerides. The TCA cycle intermediate, Citrate, is the starting
molecule for all de novo lipogenesis. Citrate is converted to acetyl-CoA by the enzyme ACLY
(ATP-citrate lyase). Fatty acid synthesis produces fatty acids form cytoplasmic acetyl-Coa.
Cytoplasmid Acetyl-CoA can be derived from glucose (glycolysis), glutamine (glutaminolysis
to TCA cycle), or acetate. Next, seven acetyl-CoAs are converted to malonyl CoA via
ACACA. Fatty Acid synthase (FASN) then produces one palmitic acid (C16:0) per one
acetyl-CoA and seven malonyl-CoAs. Palmitic acid is saturated with hydrogens but can be
desaturated and converted to monounsaturated fatty acids (MUFAs).

In many cells, these lipids are then catabolized by a multistep process called fatty acid
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oxidation in the mitochondria for energy. This process is rate limited by the carnitine shuttle
that transports acetyl-CoA across the double mitochondrial membrane. Carnitine palmitoyl-
transferase 1(CPT1a) is the rate limiting enzyme of this shuttle and is located on the outer
mitochondrial membrane. Thus, fatty acids must be activated prior to shuttling by being
attached to an Acyl-Coa, forming fatty acyl-CoA by the enzyme fatty acyl-CoA synthase
(ACSL). CPT1a is inhibited by malonyl-CoA, the second step in fatty acid synthesis. This
makes physiological sense because most cells prefer to use glycolysis for energy, so in a fed
state the cell turns off beta oxidation. In the liver and adipose tissue however, MUFAs can
be stored as a lipid droplet thanks to their expression of the enzyme glycerol phosphate acyl
transferase (GPAT). GPAT catalyzes the formation of triglycerides (12). Continual excess
energy storage can lead to the benign fatty liver, the early stages of non-alcoholic fatty liver

disease (NAFLD)(13).

Liver Immunity in Cardiometabolic Disease

Cardiometabolic disease in the liver takes the form of nonalcoholic fatty liver disease (NAFLD).
NAFLD is a range of disorders beginning with simple steatosis, a benign form of fatty liver.
Further progression can lead to non-alcoholic steatohepatitis (NASH) and cirrhosis. Chronic
liver inflammation tips the balance between NAFLD and NASH. Low-grade continual pro-
duction of proinflammatory cytokines, including tumor necrosis factor (TNF), interleukin-6
(IL-6), and IL-18 perpetuates hepatic regeneration, resulting in fibrosis that compromises
immunosurveillance, progressing NASH(14).

Liver macrophages are a heterogeneous mix of myeloid-derived immune cells. Under
homeostatic conditions, liver-resident embryonically derived Kupffer cells are the main myeloid
derived cell, which are characterized by their high phagocytic activity and sensing capacity
for damage- and pathogen-associated molecular patterns (DAMPs and PAMPs). Kupfer cells

respond to damage signals and can promote liver inflammation through the release of proin-
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Figure 1.6: General mechanisms of liver fibrosis and main metabolic adaptations
in macrophages, lymphocytes, and activated hepatic stellate cells. Hepatocellular
injury initiates liver inflammation through the release of damage-associated signals. These
signals, as well as cytokines and chemokines released by activated embryonic Kupffer cells
(emKCs), recruit circulating immune cells to the liver, where they undergo pronounced phe-
notypical changes. Monocytes differentiate into inflammatory, scar-associated macrophages,
and the adaptive immune response shifts toward Th2/17 immunity. Cytokines, growth
factors, and damage-associated signals eventually drive the activation of quiescent hepatic
stellate cells (qHSCs) toward an activated (aHSC), proliferative, extracellular matrix (ECM)-
producing and contractile myofibroblast-like phenotype. Phenotypical changes are accom-
panied and dependent on pronounced metabolic adaptations, including increased glycolysis,
activation of lipogenic pathways, and metabolic stress responses, including oxidative and en-
doplasmic reticulum stress, as well as autophagy and ferroptosis, and changes in nuclear re-
ceptor signaling. ADP, adenosine diphosphate; CCL, C-C motif ligand; CXCL, C-X-C motif
ligand; DAMPs, damage-associated molecular patterns; DNL, de novolipogenesis; ER, endo-
plasmic reticulum; FFA, free fatty acid; FXR, farnesoid X receptor; HMGBI1, high mobility
group box 1; (q/a)HSC, (quiescent /activated) hepatic stellate cell; IL, interleukin; LXR, liver
X receptor; MMP, matrix metalloproteinase; mtDNA, mitochondrial DNA; oxLLDL, oxidized
low-density lipoprotein; OxPhos, oxidative phosphorylation; PAMPs, pathogen-associated
molecular patterns; STAT-3, signal transducer and activator of transcription 3; PPAR, per-
oxisome proliferator-activated receptor; TGEgf, transtorming growth factor beta. Figure
and Figure caption from Horn & Tacke et al. 2024. Cell Metabolism.



flammatory cytokines such as IL-15 and TNFa. Other myeloid-derived populations come
from inflammatory circulating monocytes (Ly6Chigh) that differentiate into macrophages
once recruited to the liver. This population is highly plastic and can take on a range of
phenotypes and functions.

During fibrosis, which can occur even after acute liver injury, or after repeated injury
due to toxins, insulin-resistance associated metabolic dysfunction, autoimmune conditions, or
chronic infections, CD9textsuperscript+TREM2(triggering receptors expressed on myeloid
cells 2)" scar-associated macrophages (CAM) have been identified as the main drivers in
human chronic liver injury(15). SAMs can then secret pro-inflammatory factors such as IL-
18, TNFa, Platelet growth factor (PDGF). These factors then activate hepatic stellate cells
(HSCs) to produce collagen, thus promoting liver fibrosis. Infiltrating macrophages can take
on a pro-resolving phenotype, secreting matrix metalloproteinases and growth factors. Fur-
thermore, these resolving infiltrating macrophages have a high efferocytosis capacity to clear
debris and dead cells, promoting fibrosis regression. High levels of efferocytosis on infiltrating
TREM2 " macrophages allow for the clearing of apoptotic lipid laden hepatocytes(16).

It is generally established that inflammatory macrophages are characterized by increased
glycolysis and tricarboxylic acid cycle (TCA) due to their needs to quick energy (Figure
1.7). In contrast anti-inflammatory pro-regenerative macrophages utilize beta oxidation and
activation of arginase 1 pathway to meet their energy needs(17). High glycolytic activity
can also be required for efferocytosis in regenerative macrophages. Importantly, in inflam-
matory macrophages, the TCA is broken after citrate and succinate and decoupled from
OxPhos. Due to this uncoupling, succinate accumulates and promotes the production of IL-
18 by HIF1la signaling(18). As previously mentioned, under starvation states hepatocytes
use lipids as energy via the beta oxidation pathway in the mitochondria. The byproducts
of this process are ketone bodies via ketogenesis, which links beta-oxidation pathways with

ketogenic amino acids (ex. Acetoacetate, Beta-hydroxybutyrate). These ketone bodies can
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be an energy source to hepatic macrophages under conditions of glucose starvation, to feed
the TCA cycle. There is potentially a role for ketone body production by hepatocytes and
consumption by macrophages in liver fibrosis. Studies have shown that injection of ace-
toacetate can inhibit extracellular matrix deposition (ECM) in murine NASH models(19).
Macrophages can signal back to hepatocytes; resident liver macrophages were shown to stim-
ulate ketogenesis in hepatocytes during fasting via glucocorticoid receptor (GR) activation
mediated suppression of TNFa secretion allowing GR/peroxisome proliferator-activated re-
ceptor a (PPAR«) target gene activation in hepatocytes(20).

Similar to atherosclerosis progression, lipid accumulation and lipotoxic stress strongly in-
fluence inflammatory macrophage differentiation and activation. The inflammatory macrophage
phenotypes of macrophages associated with multiple cardiometabolic diseases, including
atherosclerosis, NASH, and obesity-related adipose tissue dysfunction, are similar when
analyzed by proteomics. There is high transcriptional similarity between lipid-associated
macrophages (LAMs) in human steatohepatitis(21). In steatohepatitis, efferocytic LAMs
can limit inflammation by containing DAMPs and other inflammatory signals by organizing
in a “crown like structure” around apoptotic hepatocytes. In prolonged injury, macrophages
lose their efferocytotic functions due to toxic lipid signaling, ultimately fueling the progres-
sion to fibrosis rather than containing inflammation(16). These macrophages then secrete
TNF-a and IL-18, inhibiting beta-oxidation in hepatocytes and perpetuating liver toxic-
ity (22).

1.1.3 The Heart

Atherosclerosis and Cardiovascular Disease:

Cardiovascular disease kills more than 17 million people a year and is the leading cause of
death in the US(23). Atherosclerosis is a chronic immunometabolic disease that is the lead-

ing cause of cardiovascular disease. In its earliest phase, the disease is driven by retention of
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Figure 1.7: Immunometabolism Influence on Macrophage Polarization In M2-like
macrophages (that is, interleukin-4 (IL-4)-activated macrophages) the tricarboxylic acid
(TCA) cycle is intact and participates in oxidative phosphorylation, providing ATP for
energy. In M1-like macrophages (that is, cells that have been activated by lipopolysaccha-
ride (LPS) and interferon-v), the TCA cycle is broken in two places — after citrate and
after succinate. Citrate is used to generate fatty acids for membrane biogenesis and also for
prostaglandin production. It also generates itaconic acid via the enzyme immune-responsive
gene 1 (IRG1). Itaconic acid has direct antimicrobial activity against Mycobacterium tuber-
culosis and Salmonella sp. HIF1a, hypoxia-inducible factor 1a. Figure and Figure caption
from O’Neill et al. 2016. Nature reviews Immunology.



cholesterol-rich, apolipoprotein B (ApoB)-containing lipoproteins at sites of disturbed blood
flow, such as bifurcations in arteries (24). High levels of plasma low density lipoprotein
(LDL)-cholesterol is considered the most significant risk factor for promoting development
and progression of atherosclerosis. Lipoproteins accumulate in the arterial wall and undergo
oxidation and carbamylation. Vascular endothelial cells are then activated both physically,
by the disturbed flow at the branched region, and chemically, by these modified lipopro-
teins. Activated vascular endothelial cells express adhesion molecules that bind and recruit
circulating innate and adaptive immune cells such as monocytes and T cells(25). Follow-
ing initial lipoprotein deposition and oxidation in the subendothelial space, tissue-resident
immune cells become activated, and monocytes are recruited to the early lesions(26).

Thus, monocytes are rare in a healthy artery(24). During atherosclerosis progression,
once inside the intima, monocytes differentiate into macrophages and uptake modified lipopro-
teins(26). This transforms macrophages into cholesterol-laden foam cells. Macrophages in
the plaque express scavenger receptors that take up modified lipoprotein antigens, such as
oxidized LDL (oxLDL). Oxidized LDL can activate the NFB pathway in recruited mono-
cytes, resulting in the upregulation of pro-inflammatory genes, such as adhesion molecules,
chemokines, and cytokines (e.g., IL-1a/3, 11-6, and 1L-12)(27). For example, monocyte-
chemoattractant protein-1 (MCP-1), also known as C-motif chemokine ligand 2 (CCL2),
regulates inflammatory monocyte trafficking between the bone marrow, circulation, and
atherosclerotic plaques by binding to its cognate receptor CCR2 on immune cells and en-
dothelial cells. Upon uptake of excess oxidized LDL, monocytes differentiate into lipid-laden
foam cells, which become dysfunctional and contribute to the formation of necrotic core in
later stages of plaque development(26). Foam cells secrete enzymes that degrade the ex-
tracellular matrix (ECM), leading to less plaque stability and higher likelihood of plaque
rupture. When plaque ruptures, platelets aggregate, blood coagulates, and thrombus forma-

tion occurs(28). Plaque stability can also be modulated by inflammatory cytokines released
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by immune cells. Inflammatory cytokines signal an immune response inside the plaque that
kills vascular smooth muscle cells, destabilizing plaque. Many other cells and organs con-
tribute to the immunometabolic dysregulation during atherosclerosis development, creating

a complex and interdependent disease.

1.2 Current Approaches to Treating Cardiovascular Disease.

1.2.1 Cholesterol Lowering Medications.

Cholesterol lowering medications aim to lower levels of low-density lipoprotein (LDL) and
triglycerides and increase high density lipoprotein (HDL)(29). The most frequently used
are statins, or HMG CoA reductase inhibitors, followed by cholesterol absorption inhibitors
(CAls). Statins reduce the amount of cholesterol circulating in the blood. However, statins
can elevate liver enzymes and thus cannot be taken by patients with active liver disease
such as fatty liver disease, a common comorbidity of metabolic syndrome and CVD. Alter-
natively, CAls prevent cholesterol from being absorbed in the intestine and are the most
used non-statin agent. CAls are associated with an increased rate of neurocognitive adverse
events when compared to the placebo control(30). In a comparative safety and efficacy anal-
ysis of lipid lowering agents including over 200,000 patients, PCSK9 (proprotein convertase
subtilisin /kexin type 9) inhibitors were the most effective lipid lowering agents, achieved sim-
ilar CV benefits to statins, and circumvented any increased risk of statin-related side-effects.
Statins ranked first in incidences of statin-intolerance related symptoms, new-onset diabetes,
elevated ALT, and creatine kinase (CK) (30). Statin intolerance, a spectrum of symptoms
usually in large muscles, exists in 30% of patients based on observational studies and 60%
of patients that stop taking statins state statin intolerance as their primary reason(31). De-
spite the success of these therapies in reducing LDL-C, major adverse cardiovascular events

are reduced by less than 50% on these drugs, in addition to their many uncomfortable side
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effects(29).

1.2.2  Targeting the innate immune system in C'VD.

Disappointing reductions in major adverse cardiovascular events in the clinic with lipid
lowering medication treatment is thought to be due to residual inflammatory risk(32). Mul-
tiple subsets of innate immune cells play a role in cardiovascular disease including mono-
cytes, innate lymphoid cells, neutrophils, and dendritic cells (24). Several studies have
reported a predictive relationship between biomarkers of inflammation (e.g., C-reactive pro-
tein) and cardiovascular events, as well as a direct benefit of anti-inflammatory interventions
in humans. The innate immune system is a fast-acting, nonspecific, defense against foreign
substances(24). The value in treating the innate immune paradigm of atherosclerosis was
proven in concept by clinical studies in 2017(33). For example, colchicine, which inhibits the
NFkB-regulated NLR family pyrin domain containing 3 (NLRP3) inflammasome, provided
proof-of-concept of the benefits of broad immunosuppression (34, 35). Colchicine treatment
reduced cardiovascular events but was associated with increased lethal infections at high
doses, although it received FDA approval at low doses. At the clinical stage, macrophages
and neutrophils, producers of key inflammatory cytokines, are targeted through IL-1 and
IL-6 inhibition while at the preclinical stage there are many approaches. These approaches
can be broadly categorized into three strategies. The first is inhibition of recruitment and
reduction of inflammation in monocytes. The second aims to modulate macrophages in the
atherosclerotic lesion by increasing pro-resolving mediators and decreasing pro-inflammatory
cytokines. The final approach is restoration of efferocytosis through anti-CD47 antibodies.
IL-1 is a pro-inflammatory cytokine that drives inflammation in atherosclerosis and car-
diovascular disease. IL-1 does this through expression of inflammatory cytokines and C-
reactive protein (CRP)(36). IL-1 has two isoforms; IL-1« is involved in remodeling arteries

in early atherosclerosis development while IL-15 drives vascular inflammation in later dis-
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ease(25). The CANTOS study was the first example of successful modulation of IL-13 in
atherosclerosis, using an anti-IL-13 antibody(33). The study showed successful reduction in
major adverse cardiovascular events, but led to higher incidence of infection in the treat-
ment arm compared to placebo while there was no improvement of overall survival (33). This
therapy was not approved and did not meet it’s primary endpoint; however, other IL-1 in-
hibitors have undergone clinical trials for CVD that may be promising in the future (Xilonix,
Anakinra)(37, 38).

IL-6, a classically inflammatory cytokine, is involved in the innate immune response
and acts as a downstream mediator of cytokine cascades. IL-6 contributes to atheroscle-
rosis plaque destabilization, as well as being correlated with increased risk of myocardial
infarction(25). Tocilizumab, a monoclonal antibody against IL- 6, reduced CRP (c-reactive
protein) in phase 2 trials(39). Unfortunately, the difference between Tocilizumab and placebo
was small enough that clinical relevance may be extremely limited. Current follow-up studies
are underway to provide more information on the clinical relevance of IL-6 blockade(25).

With regards to the second preclinical strategy, the challenge of targeting monocytes re-
cruitment is that circulating monocytes traffic into tissues during homeostasis, inflammation,
and inflammation resolution. Thus, targeting monocyte recruitment may not be viable or
will require frequent monitoring(40). Though there is an example of reduced atherosclerosis
in LDLr/~ mice using an already FDA-approved CCR5 antagonist, which disallows monocyte
recruitment through the inhibition of chemokine recruitment signaling (41, 42). Addition-
ally, anti-CCR2, an inhibitor of monocyte recruitment, like CCR5, is being investigated (43,
44). Significant to this proposal, histone deacetylase (HDAC) and glucose transporter 1
(GLUT1) inhibitors are currently being investigated as innate immune system modulators
at the preclinical stage(45, 46). SerBut, the proposed drug of aim 1, falls under this cate-
gory(47). Briefly, HDAC inhibitors are epigenetic modulators(48). HDAC3 has physiological

implications in energy metabolism while HDAC9 modifies cardiac gene expression and vas-
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cular calcification(49). GLUT1 inhibitors are hypothesized to have anti-inflammatory action
because leukocytes prefers glucose metabolism in an inflamed state, but have not shown
efficacy in preclinical models despite large reduction in circulating monocytes(50). Repro-
gramming inflammatory macrophages, pushing monocytes towards a pro-resolution pheno-
type rather than a pro-inflammatory phenotype, has also been relatively successful(51, 52).
Macrophage polarization is orchestrated by NFxB, STAT family, PPAR~, and IRF mas-
ter regulators(51, 53, 54). Pioglitazone is an FDA approved PPAR~ agonist that induces
pro-resolving macrophage phenotype by reducing proinflammatory cytokine production and
promoting monocyte differentiation. IRF5 inhibition with nanoparticles, which also induces
a pro-resolving phenotype, has reportedly decreased myocardial infarction size in murine
models of CVD(55).

The NLRP3 inflammasome, a cytosolic multiprotein expressed predominantly in innate
immune cells, has been shown to be a driver of lipid-driven vascular inflammation and
atherosclerosis when activated in monocytes and macrophages(29). Cholesterol loading in
macrophages causes inflammasome activation due to cholesterol microcrystals building up
inside the cell when the influx of cholesterol overloads the phagocytes’ metabolic ability(56).
Upon activation, the inflammasome is responsible for the production of IL-15 and IL-18,
plaque formation, and increased likelihood of rupture. Colchicine, of the afore mentioned
trial, inhibits the NLRP3 inflammasome as well as being a broad immunosuppressive. How-
ever, many attempts to target the inflammasome have failed due to liver toxicity.

Oxidized LDL can bind Toll-like receptors (TLRs), a group of pattern recognition re-
ceptors that cause proinflammatory signaling. Extracellular TLR2 (Toll-like receptor 2)
regulates IL-1/ production and is upregulated in human atherosclerotic tissue(57). Deletion
of TLR2 consistently reduces lipid deposition and macrophage content in atherosclerotic le-
sions in mice(58). However, deleterious effects of suppression of the innate immune system

have been identified across many chronic inflammatory disease contexts, and cardiovascular
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disease is no exception. Innate immune suppression, or broad immunosuppression, leads to

reduced protection against infection.

1.2.3 Targeting the adaptive immune system in CVD.

Adaptive immunity has a humoral arm of specific antibodies against an antigen secreted by B
cells and a cellular arm of T cells that can activate B cells during co-stimulation or differenti-
ate into effector T cells that make pro or anti-inflammatory cytokines. Adaptive immunity is
associated with CVD due to sustained and chronic inflammation(24, 59). Myeloid response
over long periods of time is accompanied by the infiltration of many T and B cells into
the atherosclerotic plaque, suggesting an autoimmune component of the disease(60). CD3™"
T cells recruited by CCR5 contribute to fibrous cap stability(61). CD4" T cells signal to
other immune cells and induce B cell antibody production. Furthermore, inflammation and
CVD do not only interact through disease progression. Inflammatory processes seen in IBD
(irritable bowel disease) and rheumatoid arthritis (RA) can increase the risk of CVD(62). In
addition, adaptive immunity, primarily the Treg balance with Thl and Th17 cells in various
organs, has found recent fame as an important modulatory and downstream consequence of
metabolic syndrome and an obese state. Targeting the adaptive immune system in CVD
has been explored through tolerogenic vaccination aimed at inducing neutralizing antibod-
ies against proteins associated with CVD risk such as epitopes found on oxLDL, ApoB, or
inflamed vasculature and conversely, depletion of atherogenic B cell subsets (59, 63-65).
Tolerogenic vaccines work not to lower lipids, but instead to restore immune tolerance by
inducing/mobilizing suppressive Tregs, CD8 " effector/memory T cells, or protective B cells.
Many of these vaccines aim to vaccinate against an atherogenic epitope derived from the
lipoprotein protein core of LDL, ApoB(66). Immunization against ApoB peptides, such as
p210, has seen mild success in murine models of atherosclerosis by offering athero-protection

mediated by Tregs or effector CD8 " T cells(67). These vaccines may be limited in translation
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due to population prevalence of MHC alleles that may influence responses to vaccination(68).
It is unknown if ApoB vaccinations are effective in established atherosclerosis, as most studies
are prophylactic.

Vaccination induces plasma cells to secrete IgG antibodies against an adjuvant that
opsonize or neutralize the peptide the vaccination was against. B cells, specifically B2
cells, need to be activated by T follicular helper cells to differentiate into plasma cells that
secrete IgG antibodies. Few B cells are found in atherosclerotic plaque, but B cells in
the spleen respond to a high cholesterol diet, suggesting local and systemic responses during
atherosclerosis progression(69). Adaptive B cell responses are thought to be pro-atherogenic,
while innate (low affinity IgM producing B1 cells) are thought to be anti-atherogenic. B cell
depletion significantly improves the burden of several inflammatory diseases(63). Antibodies
for B cell depletion targeting CD19, CD22, or B-cell maturation are approved or currently
in clinical development for multiple sclerosis (MS) and cancer. Depending on the stage of
atherosclerosis, macrophage uptake of oxLDL is atherogenic(70). This lead to the hypothesis
that immunoglobulins targeting peptide epitopes in oxLLDL would be atheroprotective partly
due to antibody responses, which has been shown to be true in recent vaccine advances
stimulating stronger antibody responses than predecessors(65). However, depletion of B cells
using a monoclonal antibody against CD20 also has been shown to reduce atherosclerosis
in mice underlying the complex nature of B cell contributions to atherogenesis (70). B cells
are a heterogeneous population with both pro and anti-atherogenic effects likely dependent
on disease stage. Taken together, this suggests that further research, including single cell
sequencing of human B cell populations, may be required to define the phases of B cell
depletion utility in atherosclerosis. Furthermore, because of the potential importance of
atherosclerosis stage in B cell depletion therapies for atherosclerosis, this technology may be
translationally limited by convoluted dosing schedules.

Tregs are regulators of the immune system with both anti-inflammatory and regenerative

26



functions(71, 72). Th17 cells, a type of T effector cell characterized by their secretion of pro-
inflammatory IL-17, play an important role in protecting from infection and a pathogenic
role in inflammatory metabolic diseases. Treg/Th17 balance thus thought to be a risk factor
for atherosclerosis as well since metabolic disease is a common morbidity. Take together,
Treg/Th17 balance implicates peripheral inflammation in progression of atherosclerosis, but
it is unclear how important this role is. Expanded Tregs has been shown to be athero-
protective in preclinical models of disease, especially circulating Tregs that can suppress
proinflammatory T effector cells. At high doses IL-2 stimulates T effector cells. At low
doses, Tregs act as an IL-2 sink keeping the cytokine away from T effector cells. However,
IL-2 is also an essential cytokine for the growth and survival of Tregs, whose role in the con-
trol of inflammation has long been accepted (73). Low dose IL-2 is seen in multiple Phase
[-IT trials due to its promotion of regulatory T cell numbers(74). It is likely that peripheral
inflammation due to a high fat diet plays a role in the nascent stages of atherosclerosis and

thus would need to be prophylactically manipulated to protect against disease pathogenesis.

1.3 Introduction to Butyrate

1.8.1 The Microbiome and CVD.

Bidirectional interaction between the gut microbiota and the innate and adaptive immune
system is important for inhibiting inflammation (75, 76). The gut microbiota does this mainly
through many metabolic products produced during bacterial metabolism of complex carbo-
hydrates. Bacteria’s interactions with both the adaptive and innate immune systems con-
tribute to the development of atherosclerosis (77, 78). High fat diet feeding, or the western
diet, causes gut dysbiosis, which is negative alterations in the composition of the microbiome
through reduction of diversity of bacterial species, number of bacterial species, or eradication

of beneficial bacterial species (79). High-fiber diets lead to increased production of short-
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chain fatty acids (SCFAs), microbiome diversity, and atheroprotection(76). Dysbiosis causes
immune responses resulting in the production of inflammatory cytokines, oxidative stress,
and insulin resistance(80, 81). Chronic dysbiosis and dysregulation of the mucosal bar-
rier separating the intestine and bacteria can increase risk of cardiovascular disease, sepsis,
and other inflammatory conditions(82). Short chain fatty acids, mainly butyrate, acetate,
and propionate, are well known products of the microbiota that have tissue- and cell type-
dependent pleiotropic functions(72, 83, 84).

Partially due to its role in regulating inflammation, the gut-heart axis has been repeatedly
implicated in CVD(75). Butyrate, an anti-inflammatory SCFA and fermentation product of
the gut microbiome, has received widespread attention for its immunomodulatory applica-
tions in immunometabolic diseases such as obesity, atherosclerosis, and nonalcoholic fatty

liver disease (NAFLD)(54, 85).

1.3.2 Butyrate

Butyrate’s Effects on Atherosclerosis in Preclinical Literature.

Butyrate, an anti-inflammatory SCFA and fermentation product of the gut microbiome, is
synthesized in the gut and performs most of its functions there(86, 87). Most butyrate pro-
ducers are gram-positive and come under Clostridium clusters IV and XIVa of the phylum
Firmicutes(88). Butyrate is the primary energy source for colonocytes in the gut through
beta-oxidation, and thus, is taken up quickly in these cells by SLC5A8 and SLC16A1. Bu-
tyrate is important in maintaining the tight junctions of the gut epithelium and regulating
the immune phenotype of the barrier, providing an anti-inflammatory function indirectly by
preventing the translocation of inflammatory molecules such as LPS. Orally administered
sodium butyrate has also been shown to restore the microbiome diversity depleted by high-
fat diet feeding(89). Butyrate transporters in the distal intestine (Apical: MCT1, SMCT1

and Basolateral: MCT3-5) have reportedly resulted in circulating concentration of 1-10 pM
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butyrate(90). Increased oxygen consumption by these cells maintains the anaerobic environ-
ment in the colon, preventing expansion of potentially harmful bacteria and molecules(91).
Butyrate that escapes metabolism by colonocytes (about 5% of all butyrate produced in the
gut) can enter circulation and act on multiple cell types and organs or be used as energy in
the TCA cycle. Butyrate’s receptors are widespread past the gut, including liver, heart, and
adipose tissue(92).

Butyrate can exert pleiotropic effects on various cell types first, through its action as an
HDAC inhibitor, and secondly, through signaling through GPR’s(including GPR43, GPR41,
and GPR109a). GPRA41, 43, and 109A are present on colonic epithelial cells, adipocytes,
and immune cells(93). Butyrate-producing bacteria abundance, down-regulation of genes
involved in butyrate synthesis, and low butyrate levels are all associated with vulnerabil-
ity to CVD development. Butyrate, delivered through oral gavage, dramatically reduced
atherosclerotic lesions, and reversed deteriorated routine parameters of atherosclerosis like
LDL-C and total cholesterol in an ApoE~/~ model of atherosclerosis(45). Butyrate is athero-
protective through regulating the expression of genes related to lipid and glucose metabolism,
improving gut microbiota diversity, and suppressing a wide range of inflammatory and oxida-
tive processes(94). Butyrate exerts anti-inflammatory effects in immune cells through inhibi-
tion of histone deacetylases (HDACs), resulting in suppression of NFB activation and reduced
pro-inflammatory cytokine secretion. In macrophages, butyrate signaling suppressed HDACs
resulting in suppression of 11.-12 and IL-6 inflammatory cytokines and induced AMPK. Ma
et al. (2023) found that butyrate suppressed atherosclerotic inflammation by regulating
macrophage polarization via GPR43/HDAC-miRNA axis in ApoE”/~ mice(45). The wide
range of possible mechanisms through which butyrate positively affects inflammation and
metabolism make it a difficult therapeutic to improve upon, as targeting could allegedly be
to many disparate organs and cell types.

Inhibition of HDAC is also one of the mechanisms by which butyrate reduces plasma
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lipids, a key contributor to atherosclerosis development in addition to other chronic metabolic
diseases. Butyrate reportedly modifies cholesterol packaging such that circulating HDL-C
is increased. HDAC inhibition via butyrate and other HDAC inhibitors in liver cells down-
regulates the LDL receptor and upregulates ATP-binding cassette transporter sub-family A
member 1 (ABCAL1), and (scavenger receptor class B type 1) SRB1(11). Du et al. reported
that butyrate supplementation up-regulated hepatic reverse cholesterol transport proteins
such as ATP-binding cassette sub-family A member 1 (ABCA1) and mediating cholesterol
efflux in macrophages(11). This could be the possible mechanism by which butyrate report-

edly prevents hepatic steatosis in HF'D fed mice.

1.3.3 Butyrate’s Effects on Liver Injury and Nonalcoholic Fatty Liver

Disease in Preclinical Literature

Nonalcoholic fatty liver disease (NAFLD) is a clinical diagnosis of steatosis in the liver.
Steatosis in the liver is an adaptive manifestation of high-fat diet. NAFLD, and its char-
acteristic steatosis, only become pathogenic when coupled with inflammation and fibrosis,
which is then diagnosed as nonalcoholic steatohepatitis (NASH). Simple steatosis can become
NASH via a variety of mechanisms. Multiple signaling pathways related to inflammation can
be stimulated at the same time resulting in pathogenesis. The liver can become vulnerable to
a shift from simple steatosis to pathogenic NASH due to multiple stressors, non-exhaustively
including: increased lipid import, enhanced de novo lipogenesis (DNL) or impaired beta ox-
idation. Once there is an opportunity for the hepatocyte to be overwhelmed, inflammatory
instigating events such as gut-derived inflammation leading to TLR signaling or ER stress
can initiate disease.

Hepatic DNL has shown to be an important regulator of hepatic steatosis content be-
cause hepatic lipids are not derived from dietary fat or plasma FFA but instead have been

shown to be more frequently derived from DNL. Hepatic de novo lipogenesis (DNL) is in-
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creased in individuals with NAFLD, and in hepatocytes stimulated with glucose or insulin.
Increased hepatic DNL results in uptake of sugars from portal circulation and conversion
to triglycerides for storage in the liver or packaging. This process depends on acetyl-Coa
carboxylase (ACC) and FA synthase (FAS), encoded by acaca and fasn respectively. Weight
loss decreased steatosis in part by decreasing hepatic DNL. Thus, in the fasted state, DNL is
at its lowest. Inhibiting lipogenesis has been shown to reduce hepatic insulin resistance and
reverse NAFLD. Although the mechanisms for increased DNL in NAFLD are not fully eluci-
dated, it is the leading hypothesis that because insulin and glucose activate sterol regulatory
element—binding protein 1c (SREBP-1c) and carbohydrate response element—binding protein
(ChREBP) respectively, which transcriptionally activate genes involved in DNL, there are
differential effects of insulin action on the liver versus whole body insulin resistance(95). It
is thought that insulin resistance manifests in the liver via suppression of hepatic glucose
production, or gluconeogenesis, but that insulin sensitivity it preserved in the SREBP-1c
pathway that stimulates fatty acid synthesis(16).

There are multiple reports of butyrate’s prophylactic benefit in NASH and NAFLD mod-
els of disease. Many of them propose differing mechanisms of butyrate’s action. One example
focuses on butyrate’s downregulation of DNL. For example, in a murine model of high-fat
diet feeding, and sodium butyrate intervention sodium butyrate was sufficient to enhance
the interaction between insulin-induced gene (Insig) activity and its upstream kinase AMP-
activated protein kinase (AMPK), leading to inhibition of lipogenic genes (96). Furthermore,
AMPK activation is known to reduce hepatic steatosis by decreasing DNL and increasing
oxidative phosphorylation. Another proposed mechanism proposes butyrate’s effects are me-
diated through increasing the health of the microbiome and the intestinal lining. Endo et
al found that a butyrate producing probiotic reduced hepatic lipid deposition and signifi-
cantly improved the triglyceride content, insulin resistance, serum endotoxin levels, hepatic

inflammatory indexes, and increased phosphorylation of AMPK in a rat model of choline-
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deficient /L-amino acid-defined (CDAA)-diet-induced NAFLD(97). This model is thought to
induce NAFLD progression through increased circulating endotoxin resulting from weakened

intestinal barrier.

1.8.4  Limatations to the Translation of Butyrate

Despite this potential, pharmacological aspects of butyrate, whether administered orally
or generated by fermentation in the gut, present substantial limitations. Butyrate’s trans-
lational potential is limited by low absorption into circulation, foul odor and taste, and
lack of specific targeting. Oral administration of exogenous butyrate is limited by its fast
metabolism in the gut resulting in low absorption into circulation (3-10 uM in plasma), its
foul odor and taste, and its large doses required. Previous publications on sodium butyrate
have been limited in dose to less than 20 milligrams per day and administer through gav-
age, which can be stressful on animals and thus lead to unreliable results for outcomes like
weight and energy intake due to throat trauma. The high concentrations of systemic, circu-
lating butyrate required for its anti-inflammatory activity (e.g., HDAC inhibition) are not
found at physiological levels due to its consumption by colonocytes. In addition, ourselves
and others have shown sodium butyrate to be cytotoxic in vitro to RAW macrophages and
BMDCs (Bone marrow derived dendritic cells). There is a need for innovation that allows
for higher doses of butyrate that are not cytotoxic to target immune cells and higher ab-
sorption of butyrate into circulation and peripheral tissues involved in metabolic disease and
CVD. In addition, improved odor and taste are necessary for greater translatable potential

of butyrate.
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CHAPTER 2
A PRO-METABOLITE STRATEGY INHIBITS
CARDIOMETABOLIC DISEASE IN AN APOE/- MURINE
MODEL OF ATHEROSCLEROSIS.
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2.1 SerBut

We have previously engineered a small molecule pro-metabolite comprising of butyrate es-
terified to L-serine, O-butyryl-l-serine (SerBut), to address the challenges of butyrate trans-
lation. We hypothesize that amino acid transporters in the small intestine allow SerBut to
exit the lumen in the small bowel and thus bypass metabolism in the large bowel, increas-
ing systemic bioavailability. Moreover, SerBut should cross the plasma membrane via amino
acid transporters to gain better access to HDACs for inhibition. This esterification favorably
masks the odor and taste, increases half-life, and maintains the pleiotropic benefits of native
butyrate upon hydrolysis.

Our group has shown that once- to twice-daily oral gavage of SerBut suppresses disease
progression in murine models of autoimmune disease such as rheumatoid arthritis and multi-
ple sclerosis(1). Here, we aimed to investigate the efficacy of SerBut dosed through drinking
water in a murine apolipoprotein E knockout (ApoE'/ ) model of atherosclerosis, examin-
ing effects on vascular inflammation, plaque formation and composition, systemic metabolic
regulation, and HFD-induced liver injury. We show that this systemically bioavailable form
of butyrate reduces plaque in the aortic root via inhibition of progression, accumulation of
immune cells in the aorta, and liver steatosis. Furthermore, plasma analysis shows SerBut
reduces the fraction of LDL-C, systemic inflammatory cytokines, circulating neutrophils,
and liver damage markers elevated by HFD-feeding. Under these experimental conditions,
equidosed treatment with sodium butyrate (NaBut) failed to produce these favorable effects

on cardiovascular or hepatic(immuno)pathology.

2.1.1 SerBut Absorption

Previously, it has been shown that SerBut is capable of intracellular transport by ATB0(SLC6A14),
a broad substrate-specific transporter expressed in the distal gut (ileum & colon) that rec-

ognizes neutral and cationic amino acids, as well as modified amino acids (ex. Additional
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OH- group)(2). Amino acid transport in the large intestine is more relevant for bacterial
metabolites and fluid secretion and would not result in high levels of circulating butyrate
because they intracellularly transport amino acids. A patent by Ganapathy et al. focuses
on SLC6A14 as the main transporter of SerBut, implicating SerBut in appetite regulation
by stimulation of enteroendocrine secretion(3).

We propose that there are multiple amino acid transporters that can facilitate the trans-
port of SerBut, including small intestine amino acid receptors distributing protein to the
body. Absorption by SerBut here would result in high levels of circulating butyrate. Fur-
thermore, if SerBut was absorbed by butyrate transporters, then both NaBut and SerBut
would result in high levels of circulating butyrate due to the equimolar dosing of butyrate.
Thus, we have hypothesized that the SerBut is transported by small intestine amino acid
transporters.

We have not made any claims on a single amino acid transporter because they are known
to be very promiscuous. Knocking out a specific amino acid receptor would have widespread
effects on the organism and likely still allow some transport of L-Serine by other amino acid
transporters. For example, in SLC6A19-knockout mice when inverted intestinal sections were
analyzed for transport activity, Na"-dependent uptake of glutamine, leucine, histidine, and
tryptophan was completely abolished, but significant nonspecific uptake was retained. The
mechanism of this significant uptake is not understood(4). This reasoning also has precluded

the use of inhibitors for this sort of experiment.

35



2.2 Results

2.2.1 SerBut is a cytocompatible and stable carrier of anti-inflammatory free

butyrate.

Previously, our laboratory has shown that SerBut suppressed inflammatory marker expres-
sion in bone marrow derived dendritic cells (BMDCs)(1, 5). Importantly, we additionally
observed that SerBut maintained attenuated HDAC inhibition activity in a macrophage-like
cell line (RAW 264.7)(1). We hypothesized that SerBut could be dosed much higher than 0.2
mM, the previously administered dose, without inducing cytotoxicity. Thus, we evaluated
the cytocompatibility of SerBut compared to NaBut in RAW 264.7 macrophages (Figure 1A,
Extended Figure 1). While NaBut significantly reduced cell viability at 4 mM and above,
SerBut exhibited no cytotoxicity even at a concentration of 12 mM. We hypothesized this
reduction of cytotoxicity, and the previously noted attenuation of HDAC inhibition activity,
was due to inactivation of the butyrate upon conjugation to serine. Using liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS), we determined that approximately
10% of the SerBut sample was free butyrate at the time of measurement (Figure. 1B). To
investigate stability, we repeated the experiment with SerBut in FBS-supplemented complete
media stored for 1 month at 37C (Figure. 1B). The relative concentration of free butyrate
did not change, indicating that esterases in FBS did not hydrolyze SerBut overtime but some
free butyrate was available in the solution.

Exogenous NaBut supplementation is known to exert anti-inflammatory effects through
NFxB suppression in macrophages in vitro and in vivo(6-8). We next investigated whether
SerBut maintained NaBut’s anti-inflammatory effects in macrophage-like RAW 264.7 cells.
12 mM SerBut significantly suppressed LPS-induced NFxB activation comparable to 1.3
mM NaBut (Figure. 1C), aligning with our finding that 10% of the SerBut sample was free

butyrate (Figure. 1B). NFxB activation regulates the inflammatory macrophage phenotype,
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inducing pro-inflammatory cytokine secretion and reactive oxygen species production. There-
fore, we next investigated expression of activation and inflammation markers downstream
of NFxB inhibition. Interestingly, only 12 mM SerBut significantly reduced both induced
nitric oxide synthase (iNOS) and CD80 expression after LPS stimulation (Figure. 1D,E).
Furthermore, 12 mM SerBut suppressed NFxB-regulated production of pro-inflammatory cy-
tokines that are known to orchestrate inflammatory immune cell activation and recruitment,
IL-6, MCP-1, and GM-CSF, as effectively as 1.3 mM NaBut (Figure. 1F-J). The anti-
inflammatory cytokine 1L.-10 was significantly increased by NaBut treatment, while SerBut
treatment produced a trending increase compared to LPS-stimulated controls (Figure. 1J).
The iNOS suppressing capacity of high doses of SerBut was maintained even during longer
LPS stimulations (Extended Figure. 1C) and had beneficial effect on activation markers
CD80 and CD86 compared to NaBut but not LPS alone (Extended Figure. 1A,B). How-
ever, this effect was not observed when butyrate was dosed post-LPS stimulation (Extended

Figure. 1D-F).

2.2.2  Seryl modification of butyrate significantly enhances its bioavailability

and therapeutic efficacy in atherosclerotic mice.

To determine the bioavailability of SerBut in cardiovascular organs of hyperlipidemic mice,
we gavaged equimolar amounts of SerBut and NaBut to ApoE'/ “mice on a HFD (42% calories
from fat) to ensure comparable consumption of butyrate by all mice at the given timepoint.
Three hours post-administration, we analyzed the biodistribution of free butyrate via LC-
MS/MS. (Figure. 2A). SerBut dosing significantly increased free butyrate in the heart and
aorta compared to both NaBut-treated and PBS-treated mice (Figure. 2B,C). Corroborating
our previous work(1), we also observed significant increases in the liver, inguinal lymph nodes
(ILN), kidney, spleen, lung, and plasma (Figure. 2D-H,J). We also saw trending increases of

free butyrate in the mesenteric lymph nodes (MLN) of SerBut treated mice (Figure. 2I).
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Figure 2.1: SerBut reduces cytotoxicity and suppresses the inflammatory NFxB
pathway in vitro. A. Viability of RAW 264.7 cells treated with concentrations ranging
from 0.15 mM to 12 mM SerBut or NaBut for 24 hr. The concentrations are: 0.15, 0.44, 1.33,
4, and 12 mM. B. LCMS/MS analysis of free butyrate in solution of aged SerBut (incubated
at 37 °C in FBS-supplemented media for one month) and freshly dissolved SerBut and NaBut.
C. NFkB activity of RAW Blue 264.7 reporter cells upon treatment with the indicated mM
concentrations of SerBut or NaBut for 24 hr followed by 200 ng/mL LPS for 6 hr. D-J.
RAW 264.7 cells treated for 24 hr with the indicated concentrations of SerBut or NaBut
followed by 200 ng/mL LPS for 6 hr. D-E. Mean fluorescence intensity (MFI) of iNOS "
or CD80" RAW 264.7 cells analyzed by flow cytometry. F-J. Cytokine concentrations in
the cell culture supernatant of RAW 264.7 cells. “x” indicates untreated group. In Figure
1A, N=3 each group representing technical replicates. In Figure 1B, N=3 freshly made
samples per two distinct experiments pooled for aged SerBut and NaBut groups, while
fresh SerBut group represents a single experiment. One sample in the aged SerBut group
and two samples in the NaBut group were lost due to filtering malfunctions or LCMS/MS
autosampling malfunctions. In Figure 1C, n=6 technical replicates. Data represent mean
T s.em. Experiments were performed two or more times with similar results. In Figure
1A, two-way ANOVA was performed. Statistical analyses were performed using a one-way
ANOVA with a Dunnett’s , Welch’s (if standard deviations were significantly different by
Bartlett and Brown-Forsyth tests), or Kruskal Wallis’s (if data were not normally distributed
determined by Shapiro-Wilk test) post-test in Figure 1C-J. P-values less than 0.10 are shown.
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NaBut is limited in its translation by butyrate’s rapid consumption by colonocytes as a
primary energy source in the distal gut. We propose that the enhanced biodistribution of
free, active butyrate (following cleavage from serine) in SerBut-treated mice is due to small
intestine escape from the gut via amino acid transporters. To probe this hypothesis, we
repeated the experiment and analyzed the biodistribution of free active butyrate in distinct
sections of the intestinal tissue and the intestinal contents (Figure. 2K L, Extended Figure.
2). Because neither ApoE'/ " nor HFD feeding would be expected to change amino acid
receptor expression or function in the intestine, this was performed in C57BL/6 mice on a
normal diet. There were no significant changes in free butyrate in the intestinal contents for
SerBut-treated mice (Extended Figure. 2). Conversely, in the upper and lower small intestine
and ileum tissue(9), we observed significantly more free, active butyrate in SerBut-treated
mice compared to both PBS- and NaBut-treated mice, indicating enhanced SerBut transport
out of the gut in the small intestine (Figure. 2M-0O). We saw no increase in butyrate in the
colon tissue (Figure. 2P).

To investigate SerBut’s effect on cardiovascular disease, ApoE'/ ~ mice were given 150 mM
SerBut or NaBut dissolved in water ad libitum over 6 weeks in concert with a HFD (Figure.
3A). This study furthermore allowed us to investigate a more translatable method of admin-
istration by adding SerBut to the drinking water, in contrast to administering by oral gavage.
Treatment with serine showed no significant differences from controls in murine models of
auto-immune disease(1) and thus was not included in this study. After 6 weeks, we observed
significantly less Oil Red O-stained plaque area in the aortic root of SerBut-treated mice com-
pared to both control and NaBut-treated groups (Figure. 3B,E). We then asked if plaque
complexity and stage were changed between treatment groups, potentially indicating sup-
pression of disease progression. Utilizing Stary histological grading(10) and quantification of
plaque components, we found a significant reduction of plaque severity score, CD68" stained

area, and necrotic core area in SerBut-treated mice compared to water-treated mice (Figure.
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Figure 2.2: Seryl modification increases oral bioavailability of butyrate

in

atherosclerotic organs. A. Experimental schema of ApoE'/ ~ mice fed a HFD for 8 weeks,
after which they received a single equimolar gavage of 272 pM butyrate as SerBut or NaBut.
After 3 hr, mice were perfused, and the amount of butyrate was measured in the B. heart, C.
aorta, D. liver, E. inguinal lymph nodes (ILN), F. kidney, G. spleen, H. lung, I. mesenteric
lymph nodes (MLN), and J. plasma (1M). N=8 mice in SerBut and NaBut groups.
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(Continued)K. Experimental schema of C57BL/6 mice on a NC diet who received a single
equimolar gavage of 272 pM Butyrate as SerBut or NaBut.L. Diagram of gut dissection. M.
Duodenum and Jejunum (upper small intestine) N. lower small intestine O. Ileum P. colon.
Free butyrate (pg) was normalized to tissue weight (g). Data points represent individual mice
displayed with median ™ s.e.m. Statistical analyses were performed using a one-way ANOVA
with a Dunnett’s, Welch’s (if standard deviations were significantly different by Bartlett and
Brown-Forsyth tests), or Kruskal Wallis’s (if data were not normally distributed determined
by Shapiro-Wilk test) post-test. P-values less than 0.10 are shown.

3F-H, Extended Figure 3A-D) and trended lower compared to NaBut-treated mice. We then
investigated the plaque immune phenotype by immunofluorescence staining of CD68, iNOS,
and DAPI. Although the total numbers of CD68" macrophages were reduced compared to
NaBut-treated groups, the macrophages per unit area was not (Extended Figure. 3F). How-
ever, both CD68" cells and iNOS™ cells per unit area atherosclerotic lesion were increased
in NaBut-treated groups, indicating a more inflamed plaque phenotype in NaBut treated
groups compared to both water and SerBut-treated groups (Figure. 3I-L).

Since immune cell infiltration into the aorta has been shown to accelerate disease patho-
genesis, we next asked if SerBut reduced vascular inflammation(11). Through flow cy-
tometry of the aorta, we found that only SerBut significantly reduced CD45" total leuko-
cytes, CD11b" monocytes, and CCR27CD11b™ monocytes in the aorta compared to control
groups, while NaBut did not (Figure. 3M-0). CD1lc T MHCII™ dendritic cells, CD11b"F480"
macrophages, and CD19" B cells were significantly reduced by both NaBut and SerBut com-
pared to water controls (Extended Figure. 4). Additionally, CD11b+Ly6Chi monocytes and
CD4" T cells were significantly reduced only in SerBut-treated mice compared to water-
treated controls (Extended Figure. 4).

We next evaluated the effect of SerBut on systemic markers of inflammation. SerBut re-
duced the inflammatory cytokines I1.-6 and IFN in plasma significantly compared to control
groups, while NaBut treatment did not (Figure 3 M,N). Both NaBut and SerBut showed a
trend toward reduction of plasma IL-1 (Extended Figure. 4). SerBut significantly reduced
the frequency of circulating Ly6G ™ CD11b " neutrophils compared to both NaBut and water-
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treated controls (Figure. 3S). Additionally, SerBut expanded regulatory T cells (Treg) in
the MLN but not the skin draining lymph nodes or spleen (Extended Figure. 5). However,
in both the MLN and spleen SerBut reduced the Th17/Treg cell ratio, indicating a more
tolerogenic phenotype. In the spleen, NaBut treated mice also showed a lower Th17/Treg
cell ratio (Extended Figure. 5). In the MLN, but not the ILN, CD11b" F480 " macrophages
exhibited significantly decreased inflammatory marker iNOS™ compared to controls, but not
NaBut treated mice (Extended Figure. 6). Importantly, all cages consumed comparable
amounts of water (Figure. 3P), suggesting that the effect of SerBut is due to its immuno-
logical effects and not to the administration of a higher dose. Overall, SerBut exerted more
efficacious anti-atherogenic and anti-inflammatory effects in vivo than NaBut systemically
and at the site of disease compared to water-treated control groups.

Butyrate dosing has been shown to significantly affect the gut microbiome and its metabolic
products(12, 13). Thus, we wanted to understand how the two types of exogenous butyrate
(SerBut and NaBut) affected the microbiome, particularly the colonic microbiota. Based on
our biodistribution data, we expected that SerBut is predominantly absorbed in the small
bowel and transited to systemic circulation, thus avoiding the microbial communities found
in the colon and their interaction with the host there. To understand the potential associa-
tion between the microbiome and the anti-atherosclerotic effects of SerBut and NaBut, we
performed sequential multiple linear regressions on 16S rRNA sequencing of the colonic con-
tents after treatment on HFD for 6 weeks (Extended Figure. 7,8,9). We asked if pathology
readouts were associated with butyrate treatment (combining SerBut and NaBut together),
seryl modification of butyrate, or the relative abundance of individual bacterial genera to
identify specific taxa implicated in disease pathology. We found that seryl modification of
butyrate, i.e., SerBut treatment, could alone explain the reduction of plaque after controlling
for most bacterial genuses. We asked if the bacterial genuses that were required to explain

the reduction in the plaque were expanded by SerBut treatment, potentially indicating their
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Figure 2.3: SerBut suppresses the progression of atherosclerotic plaque, immune
cells in the aorta, and systemic inflammation. A. Experimental schema of female
ApoE'/ ~ mice on a HFD in concert with 150 mM SerBut, NaBut, or water ad libitum for 6
weeks. B. Oil-Red-O (ORO) staining of plaque in the aortic root taken at week 6 of HFD
and treatment. Scale bar represents 200 um. C. CD68" IHC staining of plaque in the aortic
root taken at week 6 of HFD and treatment. Scale bar represents 200 m. D. Representative
images of immunofluorescence staining of aortic root taken at week 6 of HFD treatment.
Scales at 200 m. E. Quantification of ORO" valve area in aortic root. F. Histological
STARY scoring of plaque severity. G. Quantified CD68" area of CD68" IHC staining.
H. Quantified necrotic core of CD68" IHC staining. I. Quantified DAPI positive cells in
plaque of immunofluorescence-stained aortic root. J. DAPI positive cells per plaque area.
K. Quantified iNOS™ cells in plaque of immunofluorescence-stained aortic root. L. iNOS™
cells per area of plaque. M-O. Flow cytometry of immune cells infiltrating the aorta after
6 weeks of HFD and treatment: M. CD45" total leukocyte cells, N. CD11b"™ monocytes,
and O. CCR27CD11b™ monocytes. P. Water consumed by each cage of mice in mL for the
first 19 days of the experiment. Q-R. Inflammatory cytokines in plasma:
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(Continued) Q. IL-6, and R IFNy S Blood flow cytometry of Ly6G"CD11b" circulating
neutrophils. T. Blood flow cytometry of F480"CD11b " circulating macrophages. Data
represents mean water drank between two cages (replicates) calculated as weight change of
bottle converted to mLs of water. Bars represent standard deviation. n=5/cage and n=10
mice per group. In Figure 3D-N, data points represent individual mice displayed with median
T s.e.m. Statistical analyses were performed using a one-way ANOVA with a Dunnett’s,
Welch’s (if standard deviations were significantly different by Bartlett and Brown-Forsyth
tests), or Kruskal Wallis’s (if data were not normally distributed determined by Shapiro-Wilk
test) post-test in Figure 3D-H and Figure 3M-N. In Figure 3I-L, statistical analyses were
performed using an unpaired Students t-test. Welch’s t-test was used if standard deviations
were significantly different. If data was not normally distributed, determined by Shapiro-
Wilk normality test, a Mann-Whitney test was used. P values less than 0.10 are shown.
Outliers were removed by ROUT testing at Q=1 in figures I-L. Scoring in Figure 3E was
done blinded. Data in Figure 3C represents two independent pooled experiments where
n=10 per group per experiment for water and SerBut treated groups and n=10 for NaBut
treated groups in a single experiment.

mediation of SerBut’s beneficial effects (Extended Figure. 7B-G) None of these bacteria
were expanded by SerBut treatment, indicating that they likely do not mediate SerBut’s
beneficial effects on atherogenesis. The genus Lactobacillus was the only bacterial variable
that alone could explain the reduction of plaque in the aortic root after controlling for the
aforementioned variables (Extended Figure. 8).

By contrast, unmodified butyrate treatment could not explain the observed reduced dis-
ease pathology and required the abundance of multiple bacterial taxa (Extended Figure. 9)
to explain correlations with disease pathology. We then asked if SerBut’s efficacy can be ex-
plained by expanding the abundance of Lactobacillus and found that both water control and
NaBut groups had significantly more Lactobacillus than SerBut groups (Extended Figure.
8B). Next, we asked if the treatment group significantly modulated the relationship of lac-
tobacillus abundance with plaque (Extended Figure. 8C). SerBut treated groups showed
no relationship between lactobacillus and plaque, while both NaBut and Water treated
groups showed a negative correlation between lactobacillus and plaque. Together, these data

demonstrate the differences between the microbiome effects of these two forms of exogenous

butyrate, suggesting differing mechanisms of action. We hypothesize that the majority of
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Figure 2.4: Extended Figure 3. Immunofluorescence and CD68+ ITHC analysis of
macrophages in the aortic root.A-D Analysis of CD68" Immunohistochemistry-stained
aortic roots collected at 6 weeks of HFD and treatment. A. Quantified stabilizing intima
of CD68" THC stained plaque. Stabilizing intima describes intima that has layered over
CD68" plaque. B. CD68" area normalized to total atherosclerotic lesion. C. Necrotic
Core area normalized to total atherosclerotic lesion. D. Stabilizing Intima normalized to
total atherosclerotic lesion. E. Immunofluorescence staining Isotype Controls (from left
to right): DAPI Isotype control ranging from 101.9-4497, CDG68 Isotype control ranging
from 102.6-15648.4, iNOS Isotype control ranging from 72.6-28494 and Overlay. Positive
cells were identified based on mean fluorescent intensity thresholding. F. Quantification of
CD68+ macrophages, G. CD68" macrophages normalized to plaque area, H. iNOST CD68 "
inflammatory macrophages, and
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(Continued) I. iNOSTCD68" inflammatory macrophages normalized to plaque area. Sta-
tistical analyses were performed using a one-way ANOVA with a Dunnett’s, Welch’s (if
standard deviations were significantly different by Bartlett and Brown-Forsyth tests), or
Kruskal Wallis’s (if data were not normally distributed determined by Shapiro-Wilk test)
post-test.
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Figure 2.5: Extended Figure 4. A-E. Aorta flow cytometry: A. CD11¢*MHCIM den-
dritic cells, B. Macrophages, C. CD11b" Ly6CM myeloid cells, D. CD19" B cell count,
and E. CD3" T cell count. F-H. Blood flow cytometry: F. Neutrophils (Ly6G " CD11b")
% CD45", G. CD11b " monocytes %CD45", H. CCR2" %CD11b" monocytes. I. Plasma
IL-15. GJ. Aorta flow cytometry Gating strategy.
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Figure 2.6: A-C. Mesenteric lymph node flow cytometry. D-F Inguinal Lymph node flow
cytometry. G-I. Spleen flow cytometry. J. Gating strategy. Statistical analyses were per-
formed using a one-way ANOVA with a Dunnett’s, Welch’s (if standard deviations were
significantly different by Bartlett and Brown-Forsyth tests), or Kruskal Wallis’s (if data
were not normally distributed determined by Shapiro-Wilk test) post-test.

47



. 4
o m o S 1.
LI CO
—~5
o am =
: u
o ug" 9 0.
" oa
.

CD11b*F480* %CD45*

Blood
2 % 8 8
°
3
F480*CD11b* %CD45
P
o
g
8
.
— 1
ILN
INOS+ %F480+CD11b+
3 3
b
S
S
g
g
ILN
Arg1+ %F480+CD11b-

031
0.80 ko
060
E F 040 G 081
159 023 4 4
o . ) . 0.05
8 t Fs Fad .
10 B H A
It T35} 35, -
3 % LooEg8fse e L =287
£k = I 2 | e
T - ’RERIC
] 2 g7
T — ——
S o & o o & o o
& L &L P

Figure 2.7: Flow cytometry of Macrophage populations in the blood and lymph
nodes. A. Blood flow cytometry of CD11b"F480" macrophages %CD45 . B-D. Inguinal
lymph node flow cytometry. B. CD11b"F480" macrophages %CD45". C. iNOS™ inflam-
matory macrophages. D. Anti-inflammatory Argl " macrophages. E-G. mesenteric lymph
node flow cytometry. E. CD11b"F480" macrophages %CD45". F. iNOS™ inflammatory
macrophages. G. Anti-inflammatory Argl"™ macrophages. H. Lymph node flow gating
strategy. 1. Blood flow gating strategy. Statistical analyses were performed using a one-
way ANOVA with a Dunnett’s, Welch’s (if standard deviations were significantly different
by Bartlett and Brown-Forsyth tests), or Kruskal Wallis’s (if data were not normally dis-
tributed determined by Shapiro-Wilk test) post-test.
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Figure 2.8: Ecosystem-wide and genus-level large-bowel microbiome variation,
SerBut, or general butyrate effects on plaque in the heart. A. Multiple linear re-
gression displaying all pathology readouts. Associations between plaque in the heart and
Seryl modification of butyrate after partialing out the effect of butyrate and genus level rela-
tive abundance as covariates. B-G. Relative abundance of bacterial genus that returned rho
of zero. B. Bifidobacterium C. Dubosiella D. Amedibacillus E. Acetitomaculum F. Butyriv-
ibrio G. Staphylococcus. Positive correlations (between treatment/microbiome factor and
pathology factor) are displayed in green as the rho correlation coefficient. Negative correla-
tions are displayed in pink as the rho correlation coefficient. Color intensity is proportional
to transformed rho coefficient. Astrix denote significance after multiple testing correction
(FRD) on every row value in a specific column (pathologies) using an FDR of 0.05.
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Figure 2.9: Ecosystem-wide and genus-level large-bowel microbiome variation,
SerBut, or general butyrate effects on plaque in the heart. A. Multiple linear re-
gression displaying all pathology readouts. Associations between plaque in the heart and
Genus relative abundance after partialing out the effect of butyrate and seryl modification
of butyrate as covariates. B. Correlation between Lactobacillus relative abundance and the
percent plaque in the aortic root per group. C. The relative abundance of Lactobacillus.
Positive correlations (between treatment/microbiome factor and pathology factor) are dis-
played in green as the rho correlation coefficient. Negative correlations are displayed in pink
as the rho correlation coefficient. Color intensity is proportional to transformed rho coefhi-
cient. Astrix denote significance after multiple testing correction (FRD) on every row value
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Figure 2.10: Ecosystem-wide and genus-level large-bowel microbiome variation,
SerBut, or general butyrate effects on plaque in the heart. A. Multiple linear re-
gression displaying all pathology readouts. Associations between plaque in the heart and
any form of butyrate after partialing out the effect of genus relative abundance and seryl
modification of butyrate as covariates. Positive correlations (between treatment /microbiome
factor and pathology factor) are displayed in green as the rho correlation coefficient. Neg-
ative correlations are displayed in pink as the rho correlation coefficient. Color intensity is
proportional to transformed rho coefficient. Astrix denote significance after multiple testing
correction (FRD) on every row value in a specific column (pathologies) using an FDR of
0.05. 51



SerBut’s effect on plaque formation and inflammation may not be mediated though modula-
tion of relative abundance of bacterial genuses in the microbiome, although NaBut treatment
may mediate some efficacy through bacterial expansion. Further sequencing may be able to
provide species level characterization could identify single bacteria with differentially abun-

dant growth or function due to treatment groups.

2.2.3 SerBut suppresses HF D-induced liver injury.

Since NaBut has been shown to reduce plasma lipids in murine models of atherosclerosis(14),
we asked if SerBut was also able to influence plasma lipids. LDL-C as a fraction of total
cholesterol was significantly reduced by both SerBut and NaBut treatment (Figure. 4A,
Extended Figure. 10). Additionally, the ratio of high-density lipoprotein (HDL) to total
cholesterol was significantly increased in SerBut treated mice compared to NaBut treatment
(Figure. 4B, Extended Figure. 10). Neither SerBut nor NaBut influenced total cholesterol or
triglycerides in the plasma (Figure. 4C,D). Interestingly, SerBut significantly reduced plasma
alanine transaminase (ALT) and aspartate aminotransferase (AST) compared to both water
control and NaBut groups (Figure. 4E F), showing reduction of liver damage induced by
HFD for SerBut but not NaBut treatment. NaBut-treated mice experienced a significant
increase in lipase — a common marker of pancreatitis — in the plasma, while SerBut showed
no effect (Figure. 4G), suggesting that SerBut may have an enhanced safety profile compared
to NaBut. The positive effects of SerBut were independent of body weight, as SerBut-treated
mice had similar weights to water controls throughout the study (Figure. 4H). Overall, seryl
esterification significantly enhances the anti-atherosclerotic hepatoprotective activity and
safety profile of butyrate.

It has previously been reported that butyrate can reduce fatty deposits, fibrosis, and
inflammation in the liver(15, 16). Many CVD patients have liver disease due to metabolic

dysregulation, increased innate immune cell activation, and unresolved inflammation due
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Figure 2.11: SerBut suppresses liver toxicity, plasma LDL-C, and systemic in-
flammation. Plasma taken at 6 weeks of treatment in the regimen described in Figure.
3A. A-D. Blood chemistry analysis pooled between two duplicate studies: A. % LDL/total
cholesterol, B. % HDL /total cholesterol, C. Total cholesterol, and D. Triglycerides. E-G.
Blood chemistry analysis: E. ALT (alanine transaminase), F. AST (aspartate aminotrans-
ferase), and G. Lipase. P-values less than 0.10 are shown. H. Average weight of mice in
water and SerBut treated groups. “B6,NC” denotes three age matched C57BL/6 mice on
a normal diet as a non-statistical comparison to visualize healthy examples. Data points
represent individual mice displayed with median + s.e.m. Data in Figure 4A-D represents
two independent pooled experiments, n=10 per group per experiment for water and SerBut
treated groups. n=10 in a single experiment for NaBut treated group. Statistical analyses
were performed using a one-way ANOVA with a Dunnett’s, Welch’s (if standard deviations
were significantly different by Bartlett and Brown-Forsyth tests), or Kruskal Wallis’s (if data
were not normally distributed determined by Shapiro-Wilk test) post-test.
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to sustained NFxB activation(17). Furthermore, many lipid-lowering drugs such as statins
increase lipid uptake by the liver by increasing LDL-R expression, potentially inducing liver
toxicity that prevents patients with liver disease from taking these medications(18). In
the ApoE'/ - atherosclerotic model, HFD feeding induces hepatic lipid accumulation and
inflammation in addition to plaque accumulation in the aorta(19). Thus, motivated by our
finding of significantly reduced plasma ALT and AST in SerBut-treated groups (Figure.
4E,F), we further investigated SerBut’s potential beneficial effect on liver health under HFD
feeding. Using a previously described liver histology scoring system, we investigated key
features of nonalcoholic fatty liver disease (NAFLD) and liver injury in mice: steatosis
(macrovesicular fat), nuclear hypertrophy, and lobular inflammation of the liver (CD3"
immune cells)(20). Steatosis was significantly suppressed by SerBut treatment, but not by
treatment with NaBut (Figure. 5A). Neither SerBut nor NaBut significantly reduced CD3 ™"
immune cell infiltration into the livers, indicating no change in lobular inflammation, which
may be expected at such early timepoints in murine liver disease models (Figure. 5B).
Hepatocellular nuclear hypertrophy was suppressed by both SerBut and NaBut treatment
(Figure. 5C). Interestingly, both SerBut and NaBut treatment significantly suppressed LDL-
R protein levels as shown by Western blot (Extended Figure. 10). This data suggests that the
reduction of circulating LDL-C levels via NaBut and SerBut treatment is not due to increased
uptake of lipids via increased LDL-R expression. Thus, the overall summed histological score
indicated reduced liver pathology in the ApoE'/ ~ HFD model due to SerBut, but not NaBut,
treatment (Figure 5D). Representative images are shown (Figure 5E-L).

We then asked if SerBut’s effects on disease pathology and inflammation may be partially
mediated by changes in lipid metabolism by measuring lipogenic and lipid oxidation gene
expression by qPCR after treatment for 6 weeks (Extended Figure. 10F-L). SerBut treated
mice have significantly reduced expression of acly compared to NaBut treated mice but nor

compared to water treated groups. No significant changes were seen in de novo lipogen-
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esis, namely fatty acid synthase (fasn), and acetyl CoA carboxylase 1 (acaca). Carnitine
palmitoyltransferase la (cptla), the rate limiting enzyme of beta oxidation, also was not sig-
nificantly changed but showed a strong trend toward reduction compared to water treated
groups (p= 0.06). Taken together, this data suggests that reduction in liver lipogenesis nor

increase in beta oxidation had measurable impact on phenotypic changes.

2.3 Discussion

Butyrate, a key link between gut microbiota and metabolic health, has long been inves-
tigated for its beneficial effects in many metabolic and immune dysregulated states. The
vast majority of either physiological (via microbial fermentation in the distal gut) or orally-
administered butyrate is metabolized by intestinal colonocytes as a primary energy source,
limiting its anti-inflammatory efficacy that might otherwise occur with systemic exposure.
Since very little enters circulation, the primary effect of orally-dosed free butyrate is hypoth-
esized to be on the intestinal lining and microbiome rather than distant organs and immune
cells(21, 22). In the gut, butyrate promotes differentiation of colonic Treg cells via HDAC
inhibition, allowing increased peripheral Treg cells by emigration(23, 24). Our lab previ-
ously engineered butyrate to escape the gut, utilizing esterification to a hydroxyl-containing
amino acid, serine, hypothesized to allow butyrate transport into the portal blood through
small intestinal amino acid transporters(1). This modification may additionally allow transit
across the plasma membrane via transporters, dependent on the cell type. In this study, we
assayed free, active butyrate in the gut contents and tissues separated by gut segment (Fig-
ure 2, Extended Figure. 2). We found that only in small intestine tissue did SerBut-dosed
mice show a significant increase in free, active butyrate by LC-MS/MS. This data, which
we believe to be novel, supports our hypothesis that SerBut escapes in the small intestine,
evading consumption in the distal gut. Due to the promiscuous nature of amino acid trans-

porters in the intestine and the failure of previous knockout experiments to inhibit amino
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Figure 2.12: SerBut suppresses liver injury induced by high-fat diet feeding.A-
E. Histology of livers taken after 6 weeks of treatment. Histological scoring of livers: A.
Macrovesicular fat, B. Lobular inflammation, C Nuclear hypertrophy, D. Overall score,
and E-H. Representative images of H&E staining in E. NaBut, F. Serbut, G. Water, or
H. B6,NC. “B6,NC” denotes three age matched C57BL/6 mice on a normal diet as a non-
statistical comparison. I-L. Representative images of immunohistochemistry stained CD3™"
immune cells in I. NaBut, J. SerBut, K. Water, L. or age-matched wild-type controls.
“B6,NC” denotes three age matched C57BL/6 mice on a normal diet as a non-statistical
comparison to visualize healthy examples. n=10 per group in a single experiment for all
groups. Kruskal-Wallis test for multiple comparisons was used. Score is calculated as the
sum of scores displayed in A-D graded by a pathologist. Figure 5A,C. were graded using
H&E-stained slides. Figure 5B was graded using IHC stained slides for CD3 " immune cells.
Representative imaged were chosen based on average score for a particular treatment group.
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Figure 2.13: A. HDL-C in plasma. B. LDL-C in plasma. C. Atherogenic Lipids in plasma.
Livers of female ApoE'/ “mice on a HFD in concert with 150 mM SerBut, NaBut, or water ad
libitum for 6 weeks were taken and homogenized for analysis. D. Western blot quantification
of LDL-R. E. Representative Western blot of LDL-R and GAPDH on livers. Quantification
of mean optical density of each Western Blot band was normalized over the mean optical
density of the same samples GAPDH band. Statistical analyses were performed using a one-
way ANOVA with a Dunnett’s, Welch’s (if standard deviations were significantly different by
Bartlett and Brown-Forsyth tests), or Kruskal Wallis’s (if data were not normally distributed
determined by Shapiro-Wilk test) post-test.
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acid transport, we did not investigate the specific amino acid transporter responsible for
SerBut’s uptake(9), hypothesizing that SerBut transport is mediated by multiple amino acid
transporters.

In this study, we investigated the progression of cardiometabolic disease in ApoE'/ ~ mice
fed a HFD for 6 weeks in concurrence with SerBut or NaBut administered in drinking
water ad libitum (Figure. 3A). SerBut significantly suppressed atherosclerosis development,
reducing plaque and necrotic core area in the aortic root and plasma LDL-C levels without
affecting body weight (Figure. 3H, Figure. 4A H). SerBut did not induce liver injury or
elevate LDL-R as is common in some current standard-of-care therapeutics, but in fact
inhibited liver injury induced by HFD feeding (Figure. 4E-F, Figure. 5, Extended Figure.
10). These results support previous work showing butyrate’s protection against LPS-induced
inflammatory liver injury through NFxB suppression(25) and liver injury in an HFD-fed
model(16) without suffering from dosing and translational limitations.

The in vivo studies performed in this manuscript contain important limitations that may
influence human translation. The ApoE'/ ~ murine model of atherosclerosis is advantageous
due to its representation of inflammation yet has several limitations in recapitulation of
human lipid metabolism. For example, since the lipid lowering effect of statins is partially
dependent on the presence of ApoE(26, 27), direct comparisons to the standard-of-care are
precluded in this model. Furthermore, analysis of long-term suppression of liver injury would
require longer periods of HFD feeding, as HFD-fed murine models of liver injury do not re-
capitulate human discase until 8-16 wecks of HFD(28). The murine ApoE~/~ model lacks
human lipoprotein genes cholesteryl ester transfer protein (CEPT) expression, human cardio-
vascular disease contributor lipoprotein(a), and differential bile acid composition. Thus, the
lipid lowering and immunometabolic modulatory properties of SerBut, especially those po-
tentially due to modulation of liver metabolism, require further investigation to understand

how these differences could impact translation.
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Therapeutically targeting inflammation to reduce cardiovascular disease has shown promise
in recent trials such as the CANTOS (Cardiovascular Risk Reduction Study [Reduction in Re-
current Major CV Disease Events])(29) and COLCOT (Colchicine Cardiovascular Outcomes
Trial)(30) trials. In these trials, patients with relatively low levels of serum LDL-C or pre-
vious myocardial infarction events, respectively, saw reduced adverse cardiovascular events
with immunotherapy. These results strongly suggest that inflammatory pathways play an
important role in disease promotion. However, these trials used broad anti-inflammatory
medications: the IL-1-neutralizing antibody canakinumab and the NLRP3 inflammasome
inhibitor colchicine, respectively. A significant increase in lethal infections led to concerns
about the safety of these drugs, although low-doses of colchicine have been FDA approved.
Despite these challenges, research on anti-inflammatory approaches toward treating and sup-
pressing cardiovascular disease became an important step toward better therapeutics(31).

Butyrate demonstrates anti-inflammatory NFxB -suppressing effects in myeloid cells by
acting as an HDAC inhibitor(32), preventing NFxBp65 from binding inflammatory gene
promoters(33). Downstream of NFxBactivation, the NLRP3 inflammasome, in concert with
caspase-1, cleaves pro-I1L-17 to its active form. Active IL-13 stimulates enhanced secretion of
IL-6 and IFN~ along with other pro-inflammatory cytokines. We previously showed that Ser-
But maintains the HDAC inhibition activity of free butyrate(1). Here we further demonstrate
SerBut’s anti-inflammatory effect, showing that SerBut suppresses NFxB , downregulates
iNOS expression, and reduces secretion of pro-inflammatory cytokines in macrophage-like
cells in vitro (Figure. 1C-I).

We note that esterases that can cleave SerBut to yield bioactive butyrate are both ex-
tracellular and intracellular. Different relevant cell types may have many different import
capabilities for both SerBut and hydrolyzed butyrate. SerBut presumably enables entry to
the cytoplasm and liberation of free butyrate therein via intracellular esterases in vivo in

various cell types. In addition to acting as a delivery vehicle for free butyrate, there are
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possible disparate molecular mechanisms of SerBut as a full construct that are not investi-
gated in this manuscript. There are a variety of tissue-specific esterases that could cleave
SerBut, many of which are different between humans and mice(34). Increased bioavailability
of free, active butyrate (Figure. 2, Extended Figure. 2) shows that SerBut is indeed cleaved
in assayed tissue types and leads to improvements in cardiometabolic health in each tissue
of interest (aorta, heart, and liver). However, esterase expression differences between human
and mice could lead to differing results in humans. It is yet to be seen if these differences
will prove beneficial or detrimental to the translation.

In murine atherosclerosis, SerBut reduced total immune cells, monocytes, and CCR2"
monocytes in the aorta compared to water-treated controls (Figure. 3M-O). This indicates
suppression of myeloid activation, potentially resolving atherogenic inflammation and reduc-
ing recruitment(35). Systemically, SerBut reduced the pro-inflammatory cytokines IL-6 and
IFN in the plasma (Figure. 3Q,R) and circulating neutrophils (Figure. 3S). A reduction in
circulating monocytes, neutrophils, and platelets has previously been seen as a side effect
in clinical trials investigating HDAC inhibitors(36). This side effect has inhibited the use of
small molecule HDAC inhibitors for use in chronic diseases. It is an open question whether
use of SerBut in humans would produce these complications, however reduced inflammatory
cells in circulation reduce the number of cells that can contribute to plaque formation, pro-
viding more benefit than complication. Importantly, we previously showed that although
SerBut reduces innate immune activation, and that it does not dampen responses to vac-
cination in the presence of an adjuvant consisting of alum admixed with the TLR4 agonist
monophosphoryl lipid A(1). Questions remain on the effect of SerBut treatment on innate
immune responses to infection; however, previous reports suggest that the anti-inflammatory
effects of butyrate are context dependent(1).

In summation, we have demonstrated that systemically bioavailable butyrate dosed through

SerBut is able to modulate immunity, thus suppressing atherosclerosis progression and liver
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pathology in the ApoE'/ - HFD murine model of atherosclerosis. Butyrate has long been of
interest in cardiometabolic disease, but its exploration has been limited by its low bioavail-
ability and aversive sensory experience. Our results show that addressing these challenges
significantly accentuates the benefit of butyrate dosing in the ApoE'/ ~ model of atherosclero-
sis compared to treatment with NaBut. SerBut’s liver protective effect was also accentuated
compared to NaBut, likely attributed to enhanced exposure of the liver as indicated in our
biodistribution study. These learnings may be useful in considering simple, low toxicity
combinations to reduced progression of cardiometabolic disease, including in patients with
previous liver disease, liver injury, or mutations in the ApoE gene diminishing their response

to statins(26, 27, 37).

2.4 Materials and Methods

2.4.1 Sex as a Biological Variable

This study was conducted using female ApoE'/ ~ mice. Sex differences are known to influ-
ence the development of atherosclerosis and metabolic disease (67). For example, female
mice typically develop larger aortic root lesions earlier than male mice. Female mice also
exhibit a stronger adaptive immune response to oxidized LDL and a more robust innate
immune response to TLR stimulation (68, 69). In contrast, pharmacological interventions
such as PPAR~ agonists and IFN~ deficiency have shown therapeutic benefits primarily in
male mice (70,71). These observations suggest that sex may influence the magnitude of
therapeutic response in ApoE'/ ~ mice. However, because inflammation is a central feature
of atherosclerosis in both sexes, and because of the complex immunological mechanisms in-
volved in our study, it is difficult to predict whether sex-specific differences would enhance
or attenuate the observed effects. To reduce biological variability and maintain clarity in

data interpretation, we conducted all experiments in a single sex.
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2.4.2  Synthesis of SerBut

SerBut was synthesized as described previously(1). Briefly, L-Serine (20 g, 0.19 mol) was
added to trifluoroacetic acid (200 mL), and the suspension was stirred for 30 min until
everything dissolved. Butyryl chloride (25.7 mL, 0.23 mol) was then added to the solution,
and the mixture was stirred for 2 hr at room temperature. The reaction was then transferred
to an ice bath, and diethyl ether (500 mL) was added, which resulted in a precipitation of
a white solid. The resulting fine white precipitate was collected by filtration, washed with
cold diethyl ether, and dried under vacuum to afford 26.3 g of O-butyryl-L-serine (0.15 mol,
79%). The final product was confirmed by 1H NMR (500MHz, DMSO-d6) [ppm]: 0.88 (3H,
t), 1.55 (2H, m), 2.32 (2H, t), 4.30 (1H, t), 4.43 (2H, d), 8.66 (2H, s), 14.06 (1H, s).

2.4.83 NFEB activation in RAW 264.7 Blue Macrophages

NFxB inhibition was assayed using the NFxB-SEAP reporter cell line, RAW-Blue(Cat: raw-
sp, InvivoGen). Cells were plated in round-bottom 96 well plates at 100,000 cells per well
and co-cultured with different concentrations of either NaBut or SerBut (from 0.15 mM to
12 mM) for 24 hr. After the addition of butyrate, cells were rinsed with phosphate buffered

saline (PBS) and then stimulated with 200 ng/mL LPS in media for 6 hr.

2.4.4  Activation study on RAW 264.7 Macrophages

RAW 264.7 macrophages were cultured at 37°C and 5% CO2 in the DMEM media supple-
mented with 1 mM HEPES, 1 mM sodium pyruvate, 10% FBS with penicillin/streptomycin.
Cells were plated in round-bottom 96 well plates at 100,000 cells per well and incubated
with different concentrations of either NaBut or SerBut (from 0.15 mM to 12 mM) for 24 hr.
Cells were then rinsed with PBS and then stimulated with 200 ng/mL LPS in media for 6 hr.
The supernatant of cell culture was collected and analyzed by LEGENDPIlex to analyze the

concentrations of cytokines (BioLegend). Cell phenotype was analyzed using flow cytometry
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(Cytek Aurora).

2.4.5 Cell Viability & Cytotoxicity Assay

CellTiter 96 AQueous one Solution Cell Proliferation Assay (MTS) (Cat# G3582, Promega)
was used to analyze cytotoxicity of SerBut and NaBut at various concentrations (0.15 mM
- 12 mM) in RAW 264.7 macrophages. The CellTiter 96®) AQueous One Solution Reagent
contains a tetrazolium compound [3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS| and an electron coupling reagent (phenazine
ethosulfate; PES). Assays are performed by adding a small amount of the CellTiter 96®)
AQueous One Solution Reagent directly to culture wells, incubating for 1-4 hours and then
recording absorbance at 490nm with a 96-well plate reader. The quantity of formazan prod-
uct as measured by the amount of 490nm absorbance is directly proportional to the number
of living cells in culture. The forzaman product can only be formed when cleaved by the
mitochondria of living cells. The reading of the dye is normalized to untreated cells (100%)

and triton-X treated cells (0%).

2.4.6 Mice

Female ApoE'/ "~ mice, aged 6-8 weeks, were purchased from JAX (strain code: 002052
- B6.129P2-Apoetm1Unc/J). Female C57BL/6 mice aged 6-8 weeks were purchased from
Charles River (strain code: 027, Charles River). C57BL/6 and ApoE”/~ mice were main-
tained in a specific pathogen-free (SPF) facility at the University of Chicago. Mice were
maintained on a 12 hr light /dark cycle at a room temperature of 20-24°C. All protocols used
in this study were approved by the Institutional Animal Care and Use Committee of the

University of Chicago.
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2.4.7 Biodistribution of SerBut

ApoE'/ " mice on 6 weeks of HFD were orally gavaged with equimolar 272 uM butyrate,
equal to 24 mg butyrate ( 52 mg SerBut or 30 mg NaBut (equimolar butyrate). At 3 hr
post-administration, mice were anesthetized under isoflurane and blood was collected via
cheek bleeding, and mice were then transcardially perfused with a minimum of 30 mL PBS
containing 1 mM EDTA. Organs, including liver, mesenteric lymph nodes (mLNs), inguinal
lymph nodes, spleen, lung, heart, aorta, small intestine and large intestine were collected
and then transferred to -80°C until further processing.

Blood was spun down to remove clotting agents and plasma was frozen. To extract
butyrate from plasma or organs, a 1:1 v/v acetonitrile (ACN) to water solution was used.
Plasma was mixed 1:1 with the ACN /water solution and centrifuged to remove denatured
proteins. Organs were weighed, transferred to Lysing Matrix D tubes, and combined with
the 1:1 v/v ACN /water solution. Samples were then lysed using a FastPrep-24 5G homog-
enizer (MP Biomedicals) and centrifuged. The supernatants were collected for butyrate
measurement.

Samples were prepared and derivatized as described previously(1). A 3-nitrophenylhydrazine
(NPH) stock solution was prepared at 0.02 M in water:ACN 1:1 v/v. A l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) stock solution (with 1% pyridine added) was pre-
pared at 0.25 M in water:ACN 1:1 v/v. The internal standard, 4-methylvaleric acid, was
added. Samples were mixed with NPH and EDC stocks at a 1:1:1 volume ratio. The mixture
was heated in a heating block at 60°C for 30 min. Samples were then filtered through 0.22
pm filters and transferred into HPLC vials, which were stored at 4°C before analysis.

An Agilent 6460 Triple Quad MS-MS was used to detect the derivatized butyrate. Both
derivatized butyrate-NPH and 4-methylvaleric-NPH were detected in negative mode. Col-
umn: ThermoScientific C18 4.6 x 50 mm, 1.8 um particle size, at room temperature. Mobile

phase A: water with 0.1% v /v formic acid. Mobile phase B: acetonitrile with 0.1% v /v formic
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acid. Injection volume: 5.0 pL. Flow rate: 0.5 mL/min. Gradient of solvent: 15% mobile
phase B at 0.0 min; 100% mobile phase B at 3.5 min; 100% mobile phase B at 6.0 min; 15%
mobile phase B at 6.5 min. The MS conditions were optimized using pure butyrate-NPH
or 4-methylvaleric-NPH at 1 mM. The fragment voltage was set to 135 V, and the collision
energy was 18 V. Multiple reaction monitoring (MRM) of 222 — 137 was assigned to bu-
tyrate, and MRM of 250 — 137 was assigned to 4-methylvaleric acid as the internal standard.
The ratio between MRM of butyrate and 4-methylvaleric acid was used to quantify butyrate

concentration. The final butyrate content in each organ was normalized by organ weight.

2.4.8 SerBut Administration in ApoE’" model

For 6 weeks, mice were freely administered water with filtered 150 mM SerBut, NaBut or DI
Water. SerBut water was pH adjusted using 10 M NaOH to a final pH of 7.4. NaBut water
was not pH adjusted and had a pH of approximately 8. In concert, high fat diet with 42%
from fat and 0.2% total cholesterol (Envigo, Cat TD-88137) was freely accessed by mice.
After 6 weeks, mice were euthanized. The lymph nodes (mesenteric and inguinal), spleen,
heart, and aorta were harvested and processed for flow cytometry analysis62. Liver was
harvested and part was homogenized in TPER (tissue protein extraction reagent) buffer (In-
vitrogen, Cat: 78510) supplemented with protease inhibitor mini tablets (Thermo Scientific,
Cat: PIA32955) for western blot. The remaining liver was fixed with 4% paraformaldehyde

and embedded in paraffin for histological analysis.

2.4.9 Flow cytometry and Antibodies

Flow cytometry was performed using BD LSRFortessa or a Cytek Aurora full spectrum
cytometer. Data were analyzed using FlowJo version 10.8.0. Antibodies against the following
markers were used in the RAW 264.7 Macrophage in vitro studies: CD86 (BV421, Cat:
564198, BD Horizon), CD80 (BC650, Clone: 16-10A1, Cat: 104732, Biolegend), iNOS (APC,
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Clone: CXNFT, Cat: 17-5920-9, Invitrogen), eFluor 780 Viability Dye (Cat: 65-0865-14,
Invitrogen). Antibodies against the following markers were used in the atherosclerosis mouse
models: F4/80 (FITC, Clone: BM8, Cat: 123108 ,BioLegend), CD3e (BV605, Clone: 145-
2C11, Cat: 563565, BD Biosciences), CD4 (BUV496, Clone:GK 1.5, Cat: 612952), ROR~t
(AF647, Clone: Q31-378, Cat: 562682, BD Biosciences), FoxP3 (AF488, Clone: MF23,
Cat: 560403, BD Biosciences), CCR2 (PE, Cat: FAB5538P, R&D Systems), Ly6C (APC-
Cy7, Cat: 128026, Clone: HK1.4, BioLegend), Ly6G (AF488, Cat: 127626, BioLegend),
Live Dead Blue (Cat: 123105A, Invitrogen), CD8 (APC-Cy7, Clone: 53-6.7, Cat: 100714,
BioLegend), CD45 (BUV805, Clone: 30-F11, Cat: 368-0451-82, Invitrogen), CD25 (PerCP-
Cy5.5, Clone: PC61, Cat: 102030, BioLegend).

2.4.10  Flow Cytometry of the Aorta

As previously described (38), mice were pressure perfused with 30 mL of PBS via the left
ventricle after severing the inferior vena cava. The heart with the ascending and descending
aorta to the diaphragm was harvested. The perivascular adipose tissue was carefully removed
by microdissection while keeping the adventitia intact. The aorta was then cut at the
base of the heart and placed in digestion media then cut pieces. To create a single cell
suspension, digestion media consisted of DMEM (Gibco) supplemented with 0.5 mM CaCl2
and 2.5 mM MgCl2, 125 U/ mL collagenase XI (Sigma-Aldrich), 450 U/mL collagenase I
(Sigma-Aldrich), 60 U/mL hyaluronidase, (Sigma-Aldrich), and 60 U/mL DNase I (Sigma-
Aldrich). After 45 min of digestion at 37°C with orbital shaking, aortas were passed through
a 70 pum cell strainer, rinsed, pelleted, and plated into a U-bottom 96-well microplate for
staining. Cells were washed in PBS and stained for 15 min on ice with 1:500 Live/Dead
Fixable Violet Dye (Invitrogen) and 1:200 anti-mouse CD16/32 (clone 93, BioLegend). Cells
were washed in PBS supplemented with 2% FBS (FACS buffer) and stained for 30 min

on ice with surface antibodies at a 1:200 dilution in a 1:1 mixture of FACS buffer and
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Brilliant Stain Buffer (BD Biosciences). Cells were washed with FACS buffer and PBS and
fixed with 2% paraformaldehyde on ice for 20 min. Cells were washed twice with PBS and
resuspended in FACS buffer. Precision count beads (BioLegend) were used to determine
absolute cell counts. In this study, antibodies used included: CD16/32 (Clone: 93, Cat:
101302, Biolegend), CCR2 (PE, Clone, Cat: FAB5538P, R&D Systems), CD11b (BV605,
Clone: M1/70, Cat: 101257, Biolegend), CD11c (PE-Cy7, Clone: HL3, Cat: 558079, BD
Biosciences), CD19 (APC, Clone: 1D3, Cat: 152412, Biolegend), CD3e (BUV395, Clone:
145-2C11, Cat: 563565), CD45 (BV786, Clone: 30-F11, Cat: 564225, BD Biosciences), F4/80
(BUV496, Clone: T45-2342, Cat: 750644, BD Biosciences), I-A/I-E (PerCP-Cy5.5, Clone:
M5/114.15.2, Cat: 107626, Biolegend), Ly-6C (APC-Cy7, Clone: HK1.4, Cat: 128026,
Biolegend), and Ly-6G (FITC, Clone: 1AB, Cat: 11-9668-80, eBioscience)

2.4.11 Sectioning and Oil Red O Staining Aortic Root:

Hearts were fixed in 4% paraformaldehyde for 24 hr and cryopreserved with sucrose (15%
sucrose for 24 hr, 30% sucrose for 24 hr, 1:1 30% sucrose and OCT) before being embedded
in OCT (Fisher Scientific). Frozen embedded samples were sectioned at 8 pm. Aortic root
sections were brought to room temperature and rehydrated with PBS. Staining solution was
freshly prepared by mixing 3 parts Oil Red O (0.5% in isopropanol, Sigma Aldrich) with 2
parts water. The solution was filtered through a 0.22 pym PES syringe filter (Millipore) and
immediately pipetted onto sections. After 15 min in a sealed dark chamber, sections were
washed three times with tap water and immediately imaged. Images were analyzed using
QuPath (v0.5.0). Each leaflet was circled broadly to include the plaque then subsequently
trained on the QuPath pixel classifier using the software’s artificial neural network. Training
images were then tested and validated to identify the plaques to calculate their area and
exclude non-plaque structures in the image. Plaque sizes were subsequently averaged and

used to determine %ORO positive plaque area in the leaflet.
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2.4.12  Immunohistochemistry and Stary Plaque Severity Grading:

Frozen aortic root sections were fixed in Zamboni fixative for 10 minutes. After TBS wash,
slides were loaded on Leica Bond RX automated stainer. Anti-mouse CD68 antibody (Bi-
olegend, catalog 137001, clone FA-11) (1:4000) was applied on tissue sections for 60 minutes
incubation at room temperature. Following TBS wash, tissue sections were incubated with
rabbit anti-rat IgG (Thermo Fisher, #31219) 30 minutes. The antigen-antibody binding
was detected using Polymer -HRP (Leica Biosystems, Bond Polymer Refine Detection kit,
DS9800). The slides were coverglassed by autocoverslipper (Tissue-Tek Glas g2). Stary
plaque severity grading was done as previously described(10). Briefly, each individual mouse
was scored if there were at least two aortic root sections showing all three valves of the heart
that could reasonably be scored. Each valve was scored individually per aortic root section
and subsequently averaged per section. All sections were averaged per mouse for a final

score. Sections were graded blinded.

2.4.13  Blood Chemistry € Inflammatory Cytokines in Plasma

Blood Chemistry was performed on an Alfa Wasserman ACE Axcel Chemistry Analyzer.
The following reagent kits from Alfa Wasserman were used in analysis of Plasma: Lipase
(Cat#SA1045), HDL-C (Cat#SA2038, LDL-C (Cat#SA1040), Aspartate Aminotransferase
(AST) (Cat#SA1053), Alanine Transaminase (ALT) (Cat#SA1052). LEGENDPlex was

utilized to analyze the concentrations of inflammatory cytokines (BioLegend).

2.4.14 Histological Grading and Scoring of Livers

Livers were collected and fixed in 4% paraformaldehyde prior to paraffin-embedding. 8 pm
thick slides were sectioned and stained by either immunohistochemistry for CD3" immune
cells or H&E. Digital image files were created with an Olympus VS200 Research Slide Scanner

(Olympus / Evident, Center Valley, PA) with a Hamamatsu ORca-Fusion camera (Hama-
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matsu Photonics, Skokie, IL) at 40X magnification. Individual images were created with the
OlyVIA Viewer software (Olympus / Evident, Center Valley, PA). Scoring and grading was
performed by a pathologist as previously described48. Immunohistochemistry grading was
informed by age-matched WT controls. In age-matched WT controls, CD3" immune cells
were seen scattered without distinct aggregate formation nor associated tissue reaction. In a
400x field, we observed up to 25 CD3" immune cells scattered in an even distribution with
rare events of up to 10 periductal CD3™" positive immune cells but with no associated ductal
or parenchymal reaction. A score of 1 was given to samples with one focus in which more
than 10 periductal CD3" lymphocytes are found in a 200x field, hinting mild periductal
inflammation. Furthermore, a score of 2 corresponds to 2 to 5 instances of more than 10
periductal CD3" immune cells in a 200x field. Any sample exceeding this threshold was

scored a 3.

2.4.15  Statistical Analysis

Statistical analysis and plotting of data were performed using Prism 10.0.2 (GraphPad), as
indicated in figure legends. One-way ANOVA with Dunnett’s, Brown-Forsythe and Welch’s
(if standard deviations were significantly different), or Kruskal-Wallis post-test (if data were
not normally distributed) were used for multiple comparisons. Bartlett’s test and Brown-
Forsyth test were performed to determine if assumption of equal standard deviations were
appropriate. If P<0.05, Brown-Forsythe and Welch ANOVA tests were performed assuming
different standard deviations. Normality analysis was done by Shapiro-Wilk test. An un-
paired Students t-test was used for pairwise comparisons. Welch’s t-test was used if standard
deviations were significantly different. If data was not normally distributed, determined by

Shapiro-Wilk normality test, a Mann-Whitney test was used.
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2.4.16  Immunofluorescence Staining of the Aortic Root:

Aortic root sections were brought to room temperature and rehydrated with PBS and per-
meabilized with 10% dimethyl sulfoxide (DMSO).Sections were blocked with 0.05% casein in
PBS and stained overnight at 4°C with rat monoclonal anti-mouse CD68 at 1:400 (Biolegend,
clone FA-11) and rabbit polyclonal anti-mouse iNOS at 1:50 (Proteintech, 18985-1-AP). Sec-
tions were then washed with PBS with 0.05% Tween (PBS-T) and incubated for 1 hr at
room temperature with secondary antibodies AlexaFluor488 donkey polyclonal anti-rabbit
IgG at 1:500 (Invitrogen, A21208) and AlexaFluor555 donkey polyclonal anti-rabbit IgG
at 1:500 (Invitrogen, A31572). Sections were washed again in PBS-T (phosphate buffered
saline, 0.1% Tween 20) and PBS and mounted with ProLong Gold Antifade Mountant with
DAPI (Invitrogen). Slides were imaged with DMI8 inverted fluorescence microscope (Leica

Microsystems) and analyzed with QuPath (v0.5.0).

2.4.17 16S rRNA Sequencing

Feces were collected and stored at -80°C. Sequencing was performed as previously described39.
Bacterial DNA was extracted using the QIAamp PowerFecal Pro DNA kit (Qiagen). The
V4-V5 hypervariable region of the 16S rRNA gene from the purified DNA was amplified.
[Nlumina sequencing-compatible unique dual index adapters were ligated onto pools using the
QIAsep 1-step amplicon library kit (Qiagen). Library quality control was performed using
Qubit and Tapestation before sequencing on an Ilumina MiSeq platform at the Duchos-
sois Family Institute Microbiome Metagenomics Facility at the University of Chicago. This
platform generates forward and reverse reads of 250 bp which were analyzed for amplicon
sequence variants (ASVs) using the divisive amplicon denoising algorithm dada2 (v1.18.0)
as our default pipeline for processing MiSeq 16S rRNA reads with minor modifications in R
(v4.0.3). Specifically, reads were first trimmed at 190 bp for both forward and reverse reads
to remove low quality nucleotides. Chimeras were detected and removed using the default
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consensus method in the dada2 pipeline. Then, ASVs with length between 320 bp and 365 bp
were kept and deemed as high quality ASVs. Taxonomy of the resultant ASVs were assigned
to the genus level using the RDP classifier (v2.13) with a minimum bootstrap confidence
score of 80. The ASV tables, taxonomic classification and sample metadata were compiled
using the phyloseq data structure63. Subsequent 16S rRNA relative abundance analyses and

visualizations were performed using R version 4.2.2 (R Development Core Team).

2.4.18 Microbiota Community Variation

All statistical analyses and graphical representations were performed in R using the packages
Vegan (v2.6-4), Phyloseq (v1.42.0), Caret (v6.0-94), ggplot2 (v3.4.4), Ape (v5.7-1), and
Corrplot (v0.92).

Taxa were agglomerated at genus level using the tax glom function (Phyloseq package)
in R. Reads were rarefied to an even depth using the rarefy even depth function (Phyloseq
package). Finally, abundances were relativized using the transform sample counts function
(Phyloseq package). To further clean data, null values and predictors with near-zero variances
were removed using the nearZeroVar function (Caret package). To minimize the influence of
cage effects, taxa that were present only in less than 10% of samples were removed.

Phylogenic trees were created using the rtree function (Ape package), which was subse-
quently merged onto the phyloseq object. Beta-diversity was calculated via weighted and
unweighted Unifrac distances, as well as Bray-Curtis distances. The Ordinate function (Phy-
loseq package) was used with PCoA method to calculate distances for both weighted and
unweighted Unifrac distances. Permutational multivariate analyses of variance using dis-
tance matrices were calculated using the adonis2 function (Vegan package). Plotting of
Beta-diversity was performed using the plot ordination function (Phyloseq Package, gg-

plot2 package).
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2.4.19  Association Between Atherosclerosis Pathology and Treatment
Variables (Exogenous Butyrate, Seryl Modification of Exogenous

Butyrate, and Microbiome Variables)

Linear modelling was performed in a manner similar to Valles-Collomer et al64. Associa-
tions between taxa, butyrate, or Seryl modification of butyrate and pathology readouts after
partialling out the effects of the other two treatment variables as covariates were assessed by
fitting linear models. Pathology readouts (eg. Plaque % in the aortic root, LDL-C/Chol)
were used as responsive variables, and treatment variables as explanatory/predictive vari-
ables. Multivariate linear models were performed using the Im R function (stats package).
Standardization of predictor and response variables was performed using the scale function
in base R. Associations were included as significant at P<0.025. In extended fig 5, values are

shown as Rho correlation coefficients transformed from [ coefficients as calculated below.
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CHAPTER 3
A BRIEF HISTORY OF EFFEROYTIC MECHANISMS OF
IMMUNE MODULATION
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3.1 Preamble on Contributions

Gla domain carboxylation of GAS6 bridge protein was not understood prior as a useful
immunological tool. Re-analysis and comparison of prior work by Dr. Joe Reda, pub-
lished in their dissertation entitled, “RECOMBINANT FUSIONS OF ANTIGEN WITH
MEDIATORS OF EFFEROCYTOSIS MODULATE ANTIGEN-SPECIFIC IMMUNE RE-
SPONSES”, is discussed in light of new analysis and hypothesis in this dissertation. New
data collected by Dr. Joe Reda and Taryn Beckman are included in the results section. The
Discussion section analyses and summarizes prior reported data from Dr Joe Reda’s disser-
tation and new data published for the first time in this dissertation. Intellectual contribution
to experimental design, data interpretation, and writing was performed by Taryn Beckman

in collaboration with Joe Reda.

3.2 Efferocytosis

Efferocytosis (from Latin, ‘efferre’, ‘to bring to the grave’) is a type of phagocytosis of a
dying cell that has proven critical in maintaining immune tolerance.1 Maintenance of home-
ostasis requires the daily clearance of billions of apoptotic cells in the human body via
efferocytosis.(2,3) Defects in efferocytosis can cause or exacerbate numerous human patholo-
gies including lupus, atherosclerosis, cancer, chronic inflammation and infections.4 When
efferocytosis is ablated by genetic mutations or pharmaceutical interventions, inflammation
quickly ensues, particularly in tissues with rapid cellular turnover.(2,5) Both mice and hu-
mans with defects in efferocytic machinery demonstrate higher rates of anti-nuclear antibod-
ies in plasma, which are a hallmark sign of a breakdown of self-tolerance. Immune tolerance
depends on central and peripheral mechanisms. Centrally, thymic T cells are screened for
autoreactivity before maturing and emigrating from the thymus, with autoreactive clones

undergoing elimination or becoming thymus-derived regulatory cells.(6,7) Peripheral toler-
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ance occurs after T and B cells mature and leave the thymus or bone marrow, where antigen
presentation can create tolerance to antigens via mechanisms such as anergy, clonal deletion,
and induction of T regulatory Cells (Tregs). Thus, efferocytosis has been referred to as a
key “brake” on immune activation because of its role in inducing and maintaining tolerance
to proteins in the periphery, some of which may not be present in thymic central tolerogenic
processes. For example, in type I diabetes, immunogenic neoantigens in the periphery arise
following aberrant post-translational modifications.

The main pathway of efferocytosis begins with an apoptotic cell, which secretes find-
me signals to recruit efferocytes and exposes eat-me signals such as phosphatidylserine (PS),
typically confined to the inner leaflet of the plasma membrane. Eat-me signals are recognized
by a range of efferocytic receptors and bridging molecules, including growth arrest specific 6
(GAS6). Efferocytic bridging molecules act as soluble opsonins with two functional termini,
one of which binds PS, and the other binds receptors on APCs. In the case of GAS6, the
N-terminal Gla domain binds PS in a g-carboxylation-dependent manner, whereas the C-
terminus interacts with TAM receptor tyrosine kinases (e.g. Axl, MerTK) on innate APCs.
Engagement of both termini of GAS6 tethers the APC to the dying cell and stimulates
phagocytosis.(8) PS binding is required for TAM receptor crosslinking, internalization, and
phagocytosis of the dying cell.(9) However, in the absence of PS binding capacity, GAS6
maintains the ability to signal through MerTK, albeit to a lesser extent and without inducing

engulfment of the dying cell.(9)

3.3 Secondary Necrosis, TAM receptor signaling, and

Phagocytosis in Efferocytosis

Efferocytosis was first appreciated to play a critical role in the suppression of secondary
necrosis, the process by which uncleared dying cells lose membrane integrity and release

inflammatory damage-associated molecular patterns (DAMPs). These observations led to

5



a model of efferocytosis as immunologically silent, dampening inflammatory signals with-
out actively propagating new signals. However, more recent research has contrasted this by
demonstrating that efferocytosis plays an active role in shaping APC phenotype and the im-
mune microenvironment. Efferocytic machinery, including the GAS6/TAM axis, suppresses
TLR signaling through NFkB, a canonical transcription factor regulating inflammation.10
Notably, TLR signaling in combination with cytokine signaling promotes TAM receptor ex-
pression, further underscoring the role of efferocytosis as a natural pivot from inflammation
to immunoregulation(11,12). Innate immune cells use receptor signaling and material de-
rived from the phagolysosomal degradation of efferocytosed dying cells to activate metabolic
pathways that initiate polarization to a tolerogenic phenotype and promote further effero-
cytosis. The process of taking up a dying cell demands substantial metabolic adaptation,
often requiring efferocytes to adopt an ornithine-based ("M2") metabolism, particularly in
the case of serial efferocytosis. Cytokine secretion is also appreciably altered, with IL-10 se-
cretion by efferocytes driving tolerogenic outcomes following the clearance of dying cells.(13)
These observations have led to an updated model of efferocytosis, now appreciated to silence
inflammatory cues associated with cell death and to skew both the immune microenviron-
ment and innate immune cells towards tolerance. Refining our understanding to a minimal
set of sufficient receptors to engage has been elusive, partially due to difficulty in experimen-
tally decoupling secondary necrosis from TAM receptor signaling and cell debris clearance.
Prior attempts, such as PS-decorated liposomes, are insufficient to study specific pathways of
efferocytosis because they engage several efferocytic pathways. These challenges inhibit dis-
covery of distinctive tolerogenic pathways and deeper understanding of the interplay between

efferocytic tolerance mechanisms.
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3.4 Immunological Mechanisms of Efferocytosis

Efferocytes have also been demonstrated to engage the adaptive immune system. For ex-
ample, efferocytes upregulate PD-L1, engaging the PD-1/PD-L1 axis with adaptive immune
cells and further tempering immune responses. The immunological consequences of this
have been clarified in the context of cancer, in which MerTK signaling drives PD-L1 ex-
pression and subsequent tumor immune evasion. Phagocytosis delivers antigenic cellular
debris to degradative lysosomes, leading to loading and presentation on MHC for presenta-
tion on the cell surface. Importantly, antigen presentation can occur without phagocytosis,
as APCs can take up antigen through multiple pathways, such as pinocytosis. Efferocyto-
sis has been repeatedly implicated as an important source of antigen for cross-presentation,
the presentation of exogenous antigens on MHC I by APCs. It has long been appreciated
that efferocytosis indeed affects antigen-specific immune responses, with delivery of PS li-
posomes or antigen-loaded apoptotic cells blunting immune responses by adaptive immune
cells. Antigen presentation by MHC then crosslinks Ag-specific T cell receptors, enabling
T cell proliferation. A variety of adaptive immune programs can result depending on the
context of antigen presentation, such as APC expression of costimulatory markers. Although
the GAS6 pathway of efferocytosis has been repeatedly implicated in regulation of inflam-
matory cycles, limiting autoimmune and allergic responses, the mechanism of differential
antigen presentation required for modulation of adaptive immunity has not been well estab-
lished. Multiple hypotheses have been proposed, including reduced presentation of antigen
on MHC T due to efferocytic engulfment of antigen serving to limit induction of aberrant
immune responses to self. Thus, while efferocytic programs modulate APC phenotype, it is
incompletely understood how these phenotypic changes influence antigen presentation and
resulting adaptive immunity driving phenotypic outcomes.

Antigen presentation, influenced by costimulation and microenvironment, can lead to

multiple tolerance mechanisms by T cells such as anergy, clonal deletion, and suppression
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via Tregs. Clonal deletion, for example, is the process by which a T cell clone is selectively
killed by the immune system. When antigen is presented in the absence of costimulatory
signals, clonal deletion proceeds via abortive proliferation, in which cells rapidly divide before
undergoing apoptosis, resulting in the removal of that TCR from the repertoire(14,15). This
mechanism can be considered passively tolerizing because it neutralizes present antigen-
reactive T cells without preventing the future induction of antigen-specific inflammatory
programs. In other cases, tolerogenic antigen presentation can lead to the induction of anergy,
a state of functional unresponsiveness(14,16,17). Finally, T cells that have undergone chronic
TCR stimulation can undergo exhaustion, a program distinct from anergy which is regulated
by transcription factor TOX in CD8" T cells(18,19). Exhaustion results in persistent T
cells lacking the capacity to mount responses to further antigenic stimulation(20). Notably,
anergic and exhausted cells compete with other T cells both for presented antigen and for
cytokine signals, thereby dampening reactivity to antigen, though with less strength than
active mechanisms of tolerance.

In addition to passive mechanisms, T cell tolerance can occur by active mechanisms,
defined by FoxP3" regulatory T cells (Tregs)(21). Regulatory T cells are known to be crit-
ical for the maintenance of immunological tolerance, with complete ablation of the Treg
compartment leading to fatal inflammation. These cells have proven adept at undercutting
inflammation in an antigen-specific manner through a variety of mechanisms, including com-
munication with other cells via display of coinhibitory receptors such as PD-1 and CTLA-4,
secretion of anti-inflammatory cytokines such as IL-10, competitive uptake of signals includ-
ing IL-2, and modulation of the microenvironment with membrane-bound enzymes such as
CD73. Furthermore, research has shown that peripheral induction of Tregs is required, as
thymic Tregs fail to maintain tolerance to peripheral antigens. The observed modification of
innate immune cells by efferocytosis pathways has been shown to modify T cell recruitment

resulting in recruited tolerogenic Tregs and inhibited recruitment of CD4" and CD8 T cells
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to the site of efferocytosis. However, it is unknown if efferocytes direct promote proliferation
of the Treg compartment via tolerogenic antigen presentation.

Efferocytosis has been employed clinically to bolster tolerance to transplants and re-
duce autoimmune pathology via dosing of autologous apoptotic cells. Administration of
autologous apoptotic cells can fail to induce tolerance, sometimes leading to inflammatory

responses, termed “serum sickness,”

rather than intended acceptance of transplant. Thus,
the efficacy of autologous apoptotic cell administration is unpredictable and the involvement
of the adaptive immune response in suppression has long been mysterious. Many factors
influence optimal functioning of efferocytosis including the ratio of phagocytes to apoptotic
cells, the identity of the phagocytosing cell as a professional phagocyte or a neighboring cell,
the size or content of the apoptotic cell, the rate and magnitude of death in a certain location,
and the signaling molecules in the microenvironment surrounding the phagocyte(4). Cur-
rent approaches to studying efferocytosis are limited to knock out studies to investigate the
influence and exhaustiveness of these factors but are unable to isolate disparate machinery’s
influence on phenotype. Because efferocytosis is well known to be co-opted by some cancers
to promote immune evasion, many attempts by engineers to modulate efferocytosis take the
form of therapeutics nonspecifically blocking efferocytosis, such as small molecules and an-
tibodies against TAM receptors currently in clinical trials for cancer therapy. Thus, there is
strong evidence that efferocytosis could be leveraged to alleviate allergic and autoimmune
diseases where aberrant inflammation triggers pathogenic presentation of self or harmless
environmental components as antigen. While these discoveries are promising, there remain
obstacles to therapeutic development leveraging efferocytosis, including unpredictable in-
flammatory side effects including serum sickness. This suggests that our characterisation
and understanding of the immunological pathways by which efferocytosis produces tolerance
is incomplete, resulting in an inability to finetune the desired response.One group recently

produced a GAS6 recombinant protein, comprising GAS6 with an amyloid plaque antigen to
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replace the Gla domain. They found this recombinant protein promoted clearance of amy-
loid plaque and reduced inflammation in the brain, validating pathway-specific engineering
approaches to leverage efferocytosis(22). However, this work did not characterize adaptive
immune responses downstream of GAS6 pathway stimulation(22). New experimental tools
may enable study of efferocytic machinery and environmental factor influence on phenotypic
outcomes, leading to development of improvements in efferocytosis that can in turn dampen

tissue inflammation and reduce unwanted responses.
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CHAPTER 4
EFFEROCYTOSIS MEDIATED BY BRIDGE MOLECULE GAS6
DRIVES RECIPROCAL TOLEROGENIC INTERACTIONS
BETWEEN INNATE AND ADAPTIVE LEUKOCYTES
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4.1 GAS6-OVA Fusion Protein Elucidates Influence of Antigen

Presentation on Immune Outcomes

To unravel the interplay between an efferocytic antigen, the DC collecting it, and the T
cell engaged in that immune synapse, we engineered a fully functional GAS6 bridge protein
by fusing it to the model antigen ovalbumin (OVA, to yield GAS6-OVA, abbreviated as
GO), providing a highly defined experimental tool to enable contextualization and charac-
terization of efferocytic machinery and myeloid-lymphoid reciprocal signaling. Furthermore,
we used a non-PS binding GAS6 model antigen fusion (AGO) to probe stages of efferocy-
tosis apart from each other, namely the distinction between TAM receptor signaling and
subsequent engulfment of apoptotic cells. Using an OVA-specific transgenic T cell model
system, our tools enabled investigation into GAS6-dependent pathways of antigen-specific
T cell tolerance in both CD4" and CD8" T cell compartments decoupled from secondary
necrosis. Exposure to antigen via efferocytic GAS6-related pathways led to both MHC I
and MHC II presentation, stimulating passive and active tolerance-inducing phenotypes in
CD4" and CD8" T cell compartments in a cell-clearance-dependent manner, accompanied
by T-cell-dependent tolerogenic biasing of the DC. In a murine adoptive transfer model, GO
exposure induced hyporesponsiveness to antigenic challenge, including lessened abundance of
antigen-specific T cells, expansion of robust Helios T FR4M Treg populations, and induction
of the co-inhibitory marker TIGIT. In DCs, collection of GO induced a tolerogenic myeloid
bias in a T-cell-dependent manner, including upregulation of PD-L1 and OX40L, and the
TAM receptors themselves. Interestingly, this response in DCs depended on PS binding in
the context of CD8™ T cell but not CD4™ T cell bridging. In a murine model, pre-exposure
to GO led to abrogation of immune pathological response to an inflammatory airway chal-
lenge, demonstrating functional potency of this tolerogenic pathway with an endogenous
repertoire. Thus, we provide evidence that stimulation of a single efferocytic pathway is

sufficient to induce tolerogenic antigen presentation by both MHC I and MHC II, regardless
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of homeostatic or inflammatory conditions, and that the tolerogenic context exists in both

the myeloid and the lymphoid sides of the immune synapse.

4.2 Re-analyzed and Re-Interpreted Previously Reported Results

4.2.1 GAS6-OVA fusion protein preferentially binds phosphatidylserine and

enhances antigen uptake by APCs in vitro.

In order to investigate efferocytosis’s role in regulating antigen-specific immunity, we fused
GAS6 with a common model antigen, ovalbumin (OVA). Given that the leader sequence
of Vitamin-K-dependent proteins determines the extent of y-carboxylation,(34) we elected
to place GAS6 on the N-terminus, proximal to the leader sequence. OVA and GAS6 were
linked together with a flexible glycine-serine (G4S) linker to prevent aggregation and steric
hindrance of the active domains of GAS6 (Fig. 4.1A, B).(35)

Following expression of the GO fusion protein, we purified the supernatant via histidine
affinity chromatography and size exclusion chromatography (Fig. S1A, B) and analyzed
protein via SDS-PAGE to confirm expected size, relative purity, and lack of aggregation
(Fig. 4.1C). We furthermore utilized anion-exchange chromatography to isolate the active,
calcium-interacting form of GO with a ~y-carboxylated Gla domain from the purportedly in-
active form without y-carboxylation (AGO) (Fig. 4.1D)(36). GAS6 is known to demonstrate
higher affinity binding to PS than to other phospholipids, such as phosphatidylcholine (PC).
We compared the binding of purified GO to both PS and phosphatidylcholine (PC) with
an L1 chip, which captures liposomes.(37) GO exhibited preferential binding for liposomes
containing PS compared to PC controls (Fig. 4.1E, Fig. S1C). To validate GO fusion protein
specificity of uptake rather than stimulation of general pinocytosis, we asked if the covalent
linkage by G4S linker was important for antigen uptake in GO or GAS6 and OVA mixing

control treated bone marrow-derived DCs (BMDCs). The covalent binding, i.e. fusion, of
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Figure 4.1: Efferocytic antigen collection via GAS6 is enhanced by PS-specific
binding. The GAS6-OVA (GO) fusion was used to understand the role of PS binding in
antigen collection by DCs. (A) Plasmid map illustrating the design of the GO fusion protein
construct. (B) Predicted 3D structure of the GO protein via AlphaFold2. (C) SDS-PAGE
analysis confirming the molecular weight and purity of purified GO protein. (D) Anion
exchange chromatography profile of GO purification, distinguishing ~-carboxylated (CaCl2
fractions, purple) and non-vy-carboxylated (NaCl fraction, orange) forms based on elution
conditions. (E) Surface plasmon resonance (SPR) analysis demonstrating specific binding
of GO to PS-containing liposomes at three concentrations, including duplicate runs of the
lowest concentration. 34



(Continued)(F) Flow cytometric analysis comparing uptake of OVA at two concentrations
(yellow and brown squares), a physical mixture of GAS6 and OVA (empty blue triangles,
G+0), and GO (purple triangles) by BMDCs. (G) Flow cytometric analysis comparing up-
take of OVA at high concentration (brown squares), PS-binding GO at various concentrations
(purple triangles), and non-PS-binding GO (AGO, orange diamonds).

GASG6 protein with the model antigen OVA was necessary to drive uptake of OVA (Fig. 4.1F,
Fig. S1D). This uptake was temperature-dependent, as expected for cellular uptake (Fig.
S1E). We then asked if y-carboxylation of the Gla domain was required to drive uptake of
OVA in GO- or AGO-treated BMDCs. ~-carboxylated GO demonstrated a temperature-
and dose-dependent increase in uptake by BMDCs. By contrast, we did not observe any

uptake in AGO- or high-concentration OVA (OVA hi)-treated controls (Fig. 4.1G).

4.2.2  Presentation by GAS6-OVA treated APCs leads to robust tolerogenic T

cell responses in vitro

We employed GO to probe the nature of T cell priming induced by this efferocytic mech-
anism. To investigate this, we co-cultured antigen-pulsed mature BMDCs with CellTrace
Violet-labeled OT-I or OT-II cells (Fig. 4.2A). During antigen presentation, costimulatory
and coinhibitory ligands on antigen-presenting cells tune the outcome of T cell responses.
In particular, PD-L1 has been shown to promote CD4" T cell tolerance when paired with
antigen presentation on MHC-II.(38,39) BMDCs incubated with GO and antigen-specific T
cells significantly increased expression of PD-L1 compared to both media, equidosed OVA,
and high-dose OVA controls (Fig. 4.2B,C). GO-treated BMDCs drove substantial prolifera-
tion of both OT-I (Fig. 4.2D) and OT-II cells (Fig. 4.2E) as indicated by CellTrace Violet
dilution, demonstrating that OVA epitopes are indeed presented on MHC I and MHC II
following antigen collection from the GAS6 fusion.

Given that elevated checkpoint molecule expression on activated T cells suppresses inflam-

mation,(40) we investigated whether antigen presentation by GO-exposed BMDCs altered
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T cell phenotype in vitro with or without inflammatory stimulation by LPS. Phenotypic
flow cytometric analysis of T cells included markers of activation (e.g., CD44, ICOS) and
regulation (CTLA-4, PD-1, TOX). GO-exposed BMDCs induced distinct T cell phenotypes
in both OT-I and OT-II cells, especially in the context of inflammatory stimulation (Fig.
4.2F K, Fig. S2).

GO-exposed BMDCs drove upregulation of the inhibitory markers PD-1 and CTLA-4,
which was significantly enhanced under proinflammatory conditions of LPS stimulation. GO
treatment without LPS stimulation drove this tolerogenic phenotype significantly more than
an 150-fold increased concentration of OVA (OVA hi) in the presence of LPS (Fig. 4.2G,H).
In the CD8" T cell compartment, we observed significant expansion of terminally exhausted
TIM-3"PD-1" OT-I cells compared to unstimulated saline controls with or without LPS in
GO-treated groups.(41,42) However, LPS-stimulated GO-treated groups drove 3-fold more
expansion of terminally exhausted OT-I cells than unstimulated GO-treated groups. Equi-
dosed and high-dose OVA did not expand this population, indicating that both inflammatory
stimulation and efferocytic mediation were required for meaningful expansion of terminally
exhausted OT-I cells (Fig. 4.2I). TOX is a transcription factor that is associated with
exhaustion phenotypes in CD8" T cells.(26,43) TOX expression of LPS-stimulated OVA hi
treated and unstimulated GO-treated OT-I cells was similar and significantly increased com-
pared to unstimulated OVA hi treatment and all equidosed OVA treated controls. However,
TOX expression was significantly increased in stimulated GO-treated OT-I cells compared
to unstimulated GO-treated and stimulated OVA hi treated controls, indicating that GO
treatment is sufficient without inflammatory stimulation to drive significant uptake and pre-
sentation of antigen, but has enhanced ability with stimulation (Fig. 4.2J). Taken together
these data suggest that efferocytosis is not immunologically silent in CD8" T cells and in-
stead promotes antigen-specific tolerance via upregulation of checkpoint receptors and an

exhausted phenotype.
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Similarly, in the CD4" T cell compartment, OT-II cells co-cultured with GO-treated
BMDCs significantly upregulated inhibitory markers PD-1 and CTLA-4 (Fig. 4.2L,M).
However, LPS stimulation reduced PD-1 expression compared to non-LPS-stimulated OT-II
cells and ablated the difference between OVA hi controls (Fig. 4.2L). GO-treated OT-II cells
expressed significantly higher proportion of CTLA-4 than OVA hi controls regardless of LPS
stimulation (Fig. 4.2M). GO-exposed BMDCs drove significant expansion of Treg OT-II
cells, which was significantly enhanced after LPS stimulation (Fig. 4.2N). CTLA-4 MFI on
Tregs was significantly increased compared to controls treated with OVA hi, regardless of
LPS simulation (Fig. 4.20). These data suggest, like effects seen in CD8+ OT-I1 T cells,
that GAS6-mediated antigen collection by efferocytosis drives antigen-specific tolerance in
CD4" OT-II cells. We conclude that GO pretreatment of BMDCs produces significant
immunomodulatory antigen presentation resulting in a variety of tolerogenic CD4 " and
CD8" T cell phenotypes in vitro that we hypothesize could dampen pathogenic immune
responses via a variety of known mechanisms, including induction of exhaustion of pathogenic

T cells and expansion of the Treg population.

4.3 Unreported Results

4.3.1 Ezxposure to GAS6O-associated antigen biases both T cell and APC

phenotypes toward tolerance in a T cell dependent manner

We then asked if efferocytic antigen collection and presentation via GAS6 modulated APC
phenotype independent of T cell co-culture and investigated whether these phenotypic changes
were dependent on the PS-binding function of v-carboxylated GO. To investigate this, we
repeated the experimental format shown in Fig. 4.2 with saline compared to GO and AGO-
treated groups (Fig. 4.3). Previously, we found that y-carboxylation on GAS6 was required

to drive rapid uptake in vitro. Thus, we asked if y-carboxylation on GAS6 was also neces-
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Figure 4.2: GAS6-mediated efferocytic antigen collection drives antigen processing
and presentation by DCs in vitro, stimulating T cell proliferation while inducing
tolerance-associated T cell phenotypes. (A) Experimental timeline detailing the in vitro
co-culture of BMDCs with OT-I or OT-II T cells following incubation with free antigen or

GAS6-fused antigen.
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(Continued)(B) PD-L1 MFI on BMDCs co-cultured with OT-I T cells across treatment
groups. (C) PD-L1 MFI on BMDCs co-cultured with OT-II T cells across treatment groups.
(D) Proliferation index quantification for OT-I T cells. (E) Proliferation index quantification

for OT-I1 T cells. (F) Heatmap displaying Z-scored expression of immune markers on OT-I
T cells across treatment conditions (Saline, OVA, OVA hi, GO 4+ LPS). Rows are clustered

by Euclidean distance. (G) Percentage of PD-1+ cells within the OT-I T cell population.
(H) Percentage of CTLA-4+ cells within the OT-I T cell population. (I) Percentage of TIM-
3+PD-1+ cells within the OT-I T cell population. (J) Percentage of TOX+ cells within the
OT-I T cell population. (K) Heatmap displaying Z-scored expression of immune markers on
conventional and regulatory OT-II T cells across treatment conditions. Rows are clustered
by Euclidean distance. (L) Percentage of PD-1+ cells within the conventional OT-II T
cell population. (M) Percentage of CTLA-4+ cells within the conventional OT-II T cell
population. (N) Percentage of FoxP3-+CD25+ Tregs within the OT-II T cell population in
the co-culture. (O) CTLA-4 MFI on OT-II Tregs.

sary for enhanced antigen presentation. Interestingly, AGO drove significant proliferation
of OVA-specific CD4" and CD8" T cells compared to saline-treated controls, however, to a
far lesser extent than GO-treated groups, especially for cross-presentation to prime CD8"
T cells (Fig. 4.3A-D). Interestingly, in the absence of T cells in co-culture, GO treatment
did not alter DC phenotype. APC phenotype was significantly altered in a y-carboxylation-
and T-cell-dependent manner in the presence of OT-I cells. In the presence of OT-II cells,
APC phenotype was altered in a T cell-dependent, but v-carboxylation-independent manner
(Fig. 4.3E). Tolerogenic PD-L.1 and TAM receptor (MerTK, Axl) expression and MFI on
BMDCs was significantly upregulated in both OT-I and OT-II co-culture, however PD-L1
expression in OT-I co-culture displayed a far stronger y-carboxylation dependence than co-
culture with OT-II cells (Fig. 4.3E-K). In OT-I and OT-II co-culture, MHC I and MHC
IT expression on BMDCs was significantly upregulated in AGO-treated groups compared
to saline controls. However, abundance and intensity of MHC I and MHC II expression
in GO-treated BMDCs were significantly increased compared to both AGO-treated groups
and saline treated controls, indicating that, in the context of both CD8" and CD4™ T cell

co-cultures, y-carboxylation is necessary to induce the full extent of observed immunomod-

ulation (Fig. 4.3L-O). ICOSL has been shown to support Treg differentiation.44 ICOSL
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MFT on BMDCs was upregulated only after co-culture with OT-I and OT-II cells but in-
dependently of ~-carboxylation (Fig. 4.3P). OX40L is a well-characterized marker of ac-
tivation in APCs and acts as a co-stimulatory signal in T cells,(45,46) leading to their
long-term survival and function. In contrast to ICOSL expression, significant upregulation
of OX40L MFT on BMDCs was dependent on both T cell co-culture and ~y-carboxylation of
GAS6 (Fig. 4.3Q). CD86 is an activation marker on APCs that can deliver inhibitory co-
stimulation to CTLA-4" T cells.(47) Significant upregulation of CD86 MFI on BMDCs was
~v-carboxylation-dependent on OT-I cells but ~-carboxylation-independent on OT-II cells.
Taken together, many phenotypic changes in APCs induced by antigen-specific CD4™ T cell
co-culture are independent of Gla domain y-carboxylation on GAS6. These phenotypic APC
changes are sometimes recapitulated in co-culture with CD8" T cells, but only when the
GO is ~-carboxylated. These observed phenotypic changes in BMDCs were absent unless
co-cultured with T cells, indicating that either direct or indirect interaction between DCs
and T cells is required for phenotypic modulation of BMDCs by their efferocytic antigen
presentation. No phenotypic changes were found to be independent of Gla v-carboxylation
in both OT-I cells and OT-II cells, suggesting that efferocytic mechanisms decoupled from

inhibition of secondary necrosis may be T cell dependent.

4.4 Continued:Re-analyzed and Re-Interpreted Previously

Reported Results

4.4.1 Antigen exposure via GAS6 Promotes Tolerogenic T cell Responses in
vivo Even in Inflammatory Contexts in a PS-Binding Dependent

Manner.

Given our observations in vitro of the interplay between DC and T cells to drive tolerogenic

phenotypes in both the myeloid and lymphoid side when antigen was associated with the
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Figure 4.3: PS-binding capacity shapes GAS6 mediated efferocytic processing to
drive DC phenotype toward tolerance in a T cell-dependent manner in vitro.



(Continued)Fig. 4.3 utilizes the same experimental schema as depicted in Fig. 4.2A. (A)
OT-I T cell proliferation index following co-culture with BMDCs that had been incubated
with antigen, comparing saline (black circles), AGO (orange diamonds), and GO (purple
triangles). (B) Absolute counts of recovered OT-I T cells post-co-culture. (C) OT-II T cell
proliferation index following co-culture with antigen-pulsed BMDCs. (D) Absolute counts of
recovered OT-II T cells post-co-culture. (E) Heatmap displaying Z-scored BMDC character-
istics (abundance, counts, MFI, viability) grouped by co-culture (BMDC, BMDC + OT-I,
BMDC + OT-II) and antigen treatment. Rows are clustered by Euclidean distance. (F)
PD-L1 MFIT on BMDCs under different conditions: monoculture or co-culture with OT-I or
OT-II T cells. (G) Percentage of PD-L1" BMDCs across conditions described in (E). (H)
MerTK MFI on BMDCs. (I) Percentage of MerTK " DCs. (J) Axl MFI on BMDCs. (K)
Percentage of Axl" BMDCs. (L) MHC Class I MFI on BMDCs. (M) Percentage of MHC
Class I'" BMDCs. (N) MHC Class IT MFI on BMDCs. (O) Percentage of MHC Class 11
DCs. (P) ICOSL MFI on BMDCs. (Q) OX40L MFI on BMDCs. (R) CD86 MFI on BMDCs.

efferocytic modulator GAS6, we explored this process in vivo. For this, we adoptively trans-
ferred OT-I and OT-II cells into wild-type C57BL /6 mice and dosed them with GO, OVA, or
saline. We then challenged the mice with an emulsion of adjuvant and antigen to stimulate
adaptive immune responses, reasoning that a blunting of the response to challenge would
indicate a tolerogenic bias due GAS6-mediated antigen exposure (Fig. 4.4A). In the lymph
nodes and spleen, GO-treated, but not AGO-treated mice exhibited a significant reduction
in proportion of OT-I T cells compared to both saline- and OVA-treated controls (Fig. 4.4B;
Fig. S3A). Similarly, OT-II cells were significantly reduced in the lymphoid organs of GO-
treated mice compared to saline-treated mice, whereas neither OVA nor AGO treatment had
significant effects (Fig. 4.4C; Fig. S3B). To determine whether the reduced cell numbers
resulted from inhibited proliferation, we tracked cell division in CTV-labeled OT-I and OT-
IT cells. We observed no significant changes in proliferation across groups in the lymphoid
organs (Fig. S4). These findings indicate that GO reduces T cell expansion independent of
cell cycle inhibition. Tregs have an active role in dampening and preventing inflammatory
responses. In the lymph nodes of adjuvanted antigen-challenged mice, only GO pretreatment
resulted in a significantly higher proportion of Tregs within the OT-II population compared

to saline-treated groups (Fig. 4.4D); a similar trend was observed in the spleen (Fig. S3C).
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The bulk compartment recovery of Tregs was not changed within any treatment groups in
the lymphoid organs (Fig. S3D,E). This suggests that only v-carboxylated GO pretreatment
increases the relative abundance of Tregs.

Based on our observation of increased frequency of Tregs upon exposure to y-carboxylated
GAS6-associated antigen, we sought to evaluate any phenotypic responses. We first assessed
the expression of the immunomodulatory receptors TIGIT and TIM-3, which act as co-
inhibitory receptors(48-50). In the lymph nodes of GO-treated mice, OT-I cells exhibited
no change in the proportion of TIM-3 expression compared to OVA- and saline-treated
groups (Fig. 4.4E). Splenic OT-I cells showed an increased MFI of TIM-3 staining in GO-
treated groups (Fig. S3F). A significantly larger proportion of cells expressing TIGIT was
observed in OT-I cells in the lymph nodes (Fig. 4.4F) and in the spleen (Fig. S3G) of GO-
treated groups compared to saline and OVA-treated controls. TIGIT expression was also
significantly increased on Treg OT-II cells in the spleen (Fig. S3H) and conventional OT-II
cells in the draining LNs (Fig. 4.4G). Finally, conventional OT-II cells from GO-treated
mice expressed a significantly reduced proportion of CD69 (Fig. 4.4H), an early activation
marker,51 while OT-II Tregs were more likely to express Helios (Fig. 4.41), a marker of Treg
phenotypic robustness(52).

We next evaluated markers associated with T cell exhaustion. OT-I cells from GO-
treated mice expressed significantly higher levels of TOX in the lymph nodes (Fig. 4.4J) and
the spleen (Fig. S3I), suggesting an increased rate of exhaustion among antigen-specific T
cells(26,43). Furthermore, conventional OT-II cells recovered from GO-treated lymph nodes
exhibited substantially more CTLA-4 expression (Fig. 4.4K), which is known to compete
for costimulatory ligands and suppress T cell activation(53,54). Finally, OT-II Treg pop-
ulations in the lymph nodes expressed significantly higher levels of FR4 (Fig. 4.4L) and
CD73 (Fig. 4.4M), both of which are associated with suppressive capacity(33,55-57). To-

gether, these data indicate that exposure of antigen associated with GAS6 suppresses T
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Figure 4.4: Antigen exposure via the GAS6 pathway of efferocytosis promotes
tolerance-associated phenotypes in vivo and blunts response to inflammatory
antigen challenge. (A) Experimental timeline detailing adoptive transfer of OT-1/OT-II
cells, intravenous treatment administration, subcutaneous challenge, and endpoint analysis.
Fig. 4.4B-M concern cells isolated from the draining lymph nodes of the challenge site.
(B) Abundance of OT-I cells as a percentage of the CD8" T cell compartment. (C) Abun-
dance of OT-II cells as a percentage of the CD4" T cell compartment. (D) Abundance of
FoxP3"CD25 " regulatory T cells within the OT-II compartment. (E) Percentage of TIM-3 "
OT-I cells. (F) Percentage of TIGIT" OT-I cells. (G) Percentage of TIGIT " conventional
OT-II cells. (H) Percentage of CD69" conventional OT-II cells. (I) Percentage of Helios "
cells within the OT-II Treg subset. (J) MFI of TOX on OT-I cells. (K) MFI of CTLA-4
on conventional OT-II cells. (L) MFI of FR4 on OT-II Tregs. (M) MFI of CD73 on OT-II

Tregs.
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cell responses to antigen exposure even in an inflammatory context by reducing the abun-
dance of antigen-specific cells, promoting the induction or survival of Tregs, and modifying

immunoregulatory receptor expression across T cell subsets.

4.4.2  Antigen exposure via GAS6 prevents hallmark characteristics of
allergic airway inflammation

To evaluate whether the regulatory biases observed in the adoptive transfer model described
above could occur in endogenous T cell populations and could protect from challenge, we
investigated the effect of GO in an in vivo model of allergic airway inflammation, exposing
GAS6-associated antigen systemically via GO, sensitizing systemically with a Th2-biasing
adjuvant, and then repeatedly challenging the airways to the model allergen (Fig. 4.5A).
Bronchoalveolar lavage (BAL) IgE, a well-accepted driver of allergic pathology, was signifi-
cantly reduced in GO-treated mice followed by sensitization (Fig. 4.5B). Severe asthmatic
pathology is characterized by goblet cell hypersecretion of mucin, as well as changes in
spatial organization of the alveolar space(58-61). Periodic acid-Schiff (PAS) stains mucin-
containing goblet cells in the airway epithelia (Fig. 4.5C-F). Pretreatment with GO, but not
OVA, significantly reduced mucin hypersecretion (Fig. 4.5G), suggesting an attenuation of
pathological tissue repose and remodeling downstream of allergenic challenge. H&E staining
demonstrated reduced cellular infiltration into the airway parenchyma (Fig. S5A-D).
Eosinophil infiltration into the airway space and lung parenchyma is known to drive
pathological responses to allergen in allergic airway inflammation(62-64). Thus, we tested
whether antigen pre-exposure via GAS6 association induces tolerance to OVA, as would
be evidenced by reduced airway eosinophilia following challenge. Interestingly, the relative
abundance of eosinophils in the CD45" compartment had a bimodal distribution in the
BAL and lung samples of the GO-treated group (Fig. 4.5H,I). Levels of eosinophilia in

the BAL and lung samples were robustly correlated (Fig. S5E). To further evaluate the
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effects of GAS6-associated antigen preexposure on allergic airway inflammation, we examined
the distribution of eosinophils among CD45" cells using a threshold analysis. To separate
non-responders from responders, we categorized mice based on whether the percentage of
eosinophils among CD45" cells in the BAL was below or above a 50% threshold (Fig. 4.5J).
A significantly higher proportion of mice in the GO-exposed group exhibited eosinophil levels
below this threshold compared to both sensitized but untreated and OVA-treated controls,
suggesting a shift toward a less inflammatory phenotype in responders. These results show
that antigen-exposure via the efferocytic mediator GAS6 can bias immune responses with
endogenous populations and can prevent pathology to an inflammatory antigen challenge,

here in the context of allergic airway inflammation.

4.5 Discussion

The current paradigm for efferocytosis-induced immune response proposes that multiple
pathways are required for tolerance induction other than simple inhibition of secondary
necrosis. For instance, MerTK signaling by efferocytic bridge proteins has proven indispens-
able for this tolerogenic effect, with even a mono-allelic knockout of MerTK sufficient to cause
rampant autoimmune pathology. Decoupling the anti-inflammatory effects of efferocytic sig-
naling from clearance of cellular debris is necessary to further characterize discrete pathways
contributing to this incompletely understood immunological phenomenon. Antigen presenta-
tion, an important component of immune activation and tolerance, remains an incompletely
characterized aspect of efferocytic immune regulation. Antigen processing from apoptotic
debris plays an important role inducing and maintaining tolerance to proteins in the periph-
ery, some of which may not be present in thymic central tolerogenic processes. For example,
in Type 1 diabetes, peripheral neoantigens arise following aberrant post-translational modi-
fications. The current proposed model asserts efferocytosis as a driver of tolerogenic antigen

presentation and suppressor of inflammatory activities in innate immune cells, but it is un-
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Figure 4.5: Antigen exposure via the GAS6 pathway of efferocytosis blunts re-
sponse to inflammatory antigen challenge and characteristic pathology of aller-
gic airway inflammation. (A) Experimental timeline for the allergic airway inflammation
model, including prophylactic treatment, sensitization, challenge, and analysis points. (B)
IgE concentration in bronchoalveolar lavage (BAL) fluid. (C) Representative periodic acid-
Schiff (PAS)-stained lung section from a naive mouse. (D) Representative PAS-stained lung
section from a sensitized mouse. (E) Representative PAS-stained lung section from an OVA-
treated mouse. (F)Representative PAS-stained lung section from a GO-treated mouse.

97



(Continued)(G) Quantification of the PAS-positive area percentage in lung tissue sections.
(H) Percentage of eosinophils among CD45 " cells in BAL fluid. (I) Percentage of eosinophils
among CD45" cells in lung tissue. (J) Contingency analysis showing the proportion of mice
per group with eosinophils exceeding 50% of CD45" cells in BAL.

clear how antigen presentation is modulated or how it contributes to the anti-inflammatory
phenotype found in disease contexts.

Secondary necrosis leads to the release of inflammatory mediators, effectively adjuvant-
ing the local microenvironment and potentiating inflammatory presentation of antigens, even
those derived from self. Thus, inhibition of secondary necrosis has confounded prior research
attempting to understand how efferocytosis modulates antigen-specific immunity. It is dif-
ficult to discern whether efferocytosis-associated tolerance results from simple suppression
of environmental inflammatory cues versus distinct immunomodulatory cellular signaling or
presentation of antigen. Previous attempts using models of apoptotic debris, such as loading
antigen within PS-containing liposomes, have probed this question, but, because PS engages
several components of efferocytic machinery, cannot probe the necessity and sufficiency of
specific pathways. Here, we seek to provide insight into one such path by engineering a suite
of novel fusion proteins to decouple the endocytic function of efferocytosis from the TAM
receptor stimulation: first, GO, the fully functional bridge protein GAS6 fused to a model
antigen OVA, and second, AGO, a non-PS binding variant (Fig. 4.1). We sought to explore
the function of the GAS6/TAM receptor-mediated tolerogenic pathway both under quiescent
and inflamed conditions, exploring the effects of efferocytic antigen presentation on target T
cells and on the APCs.

GO demonstrated significantly increased antigen-coupled uptake compared to mixing
controls and even very high doses of OVA (Fig. 4.1F,G), indicating that association of OVA
to GAS6 was necessary for enhanced antigen uptake. GO, furthermore, exhibited strong
preferential affinity for PS. This antigen uptake was temperature-dependent, suggesting up-

take may occur via receptor-mediated endocytosis (Fig. S1). This supports the hypothesis
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that efferocytic bridge proteins facilitate specific uptake without inducing broad pinocytosis,
an important consideration for modulating immunity with antigen specificity. AGO is not
rapidly taken up by cells, suggesting it does not lead TAM-receptor-bearing APCs to per-
form efferocytosis (Fig. 4.1E). Prior research reports that bridging molecules such as GAS6,
lacking the dying cell linkage required for receptor internalization, still maintain signaling
capacity when bound to TAM receptors. These data confirm the hypothesis that GO, but
not AGO, enables TAM receptor internalization, associated with phagocytosis of dying cells,
via specific affinity to PS.

We utilized our single engineered molecule stimulating efferocytosis to characterize the
effects of efferocytosis on antigen specific T cell immunity in the OT model system in vitro
(Fig. 4.2) and in vivo (Fig. 4.4). Due to strong proliferation of both OT-I CD8" and OT-II
CD4" T cell populations, we concluded that GO drove antigen processing and subsequent
presentation on both MHC I and MHC II (Fig. 4.2). These results contrast with recent
claims that efferocytosis reduces MHC expression and thus antigen presentation, resulting
in more tolerogenic phenotypes. There may be components of efferocytic machinery besides
GAS6 that lead to such a phenomenon. However, here we show that APCs increased ex-
pression of both MHC T and IT in a linkage-dependent manner (Fig. 4.4B,C), indicating
that this mechanism may be coupled to cellular debris clearance. Expansion of Tregs was
seen both in vitro and in vivo, suggesting that efferocytosis drives the observed tolerogenic
phenotypes and inhibits pathogenesis via active suppression of T cell immunity (Fig. 4.20,
Fig. 4.4D). Furthermore, in vivo, these Tregs exhibited phenotypic shifts associated with
robustness, including elevated Helios, FR4, and CD73 (Fig. 4.41,L,M). Similar to MHC ex-
pression, expansion of Treg OT-II cells was dependent on dying cell linkage via PS binding,
suggesting delivery of antigen via TAM receptor engagement may be insufficient to produce
active tolerance mechanisms without efferocytic clearance. Conventional CD4 "~ OT-II T cells

demonstrated increased expression of CTLA-4 and PD-1, indicating suppressed effector ca-
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pacity of non-Treg CD4 " T cells (Fig. 4.2L,M, Fig. 4.4K). In addition to active mechanisms,
we observed passive mechanisms of immune suppression, characterized by deletion of both
CD4" and CD8" T cells in GO-treated groups (Fig. 4.4B,C). In vivo, CD4" T cells showed
further signs of immune suppression, including lower expression of the activation marker
CD69 and increased TIGIT expression (Fig. 4.4F,G). Both in vitro and in vivo, we observed
strong evidence of terminal exhaustion in the CD8 compartment, including increased ex-
pression of TIM-3 and TIGIT (Fig. 4.21 & 4.4E,F). This exhaustion comprises both active
suppression in the form of competition for antigen and cytokines as well as passive suppres-
sion as pathogenic T cells lose effector capacity. Taken together, these data provide evidence
that delivery of antigen via efferocytic GAS6-related pathways leads to both MHC T and
MHC II presentation stimulating both active and passive tolerance-inducing phenotypes in
CD4" and CD8" T cell compartments in a cell-clearance-dependent manner.

Thus, we have presented evidence that efferocytosis-coupled antigen causes tolerogenic
antigen-specific T cell responses. We also provide evidence of a reciprocal influence exerted
by T cells toward DCs presenting antigen via the GAS6 pathway, biasing them toward tol-
erance in a T cell dependent manner, with some but not all interactions also requiring PS
binding. Thus, phenotypic changes emerged only after antigen-experienced APCs were co-
cultured with antigen-specific CD4+ or CD8" T cells, including upregulation of coinhibitory
and costimulatory markers on the APCs (Fig. 4.3E-R), suggesting essential T cell: APC bi-
directional communication to enforce a tolerant phenotype on both parties. AGO induced
significant phenotypic changes in APCs, suggesting MerTK engagement can manipulate im-
mune cell phenotype in the absence of dying cell linkage. However, this Gla-dependent
PS linkage more broadly potentiated APC responses (Fig. 4.3); only ICOSL upregulation
showed independence from Gla ~v-carboxylation in both OT-I and OT-II T cell co-cultures
(Fig. 4.3P). Interestingly, many phenotypic changes in OT-II co-culture demonstrated inde-

pendence of the y-carboxylation of the Gla domain, indicating that TAM receptor activation
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and internalization on APCs in co-culture with CD4" T cells may influence phenotype to a
lesser extent in CD4 " than in CD8" T cell co-culture (Fig. 4.3E). MHC expression, TAM
receptors MerTK and Axl, and co-inhibitory receptor PD-L1 expression were upregulated on
DCs in both OT-I1 and OT-II co-cultures but showed far more ~-carboxylation dependence
in CD8" T cell cultures (Fig. 4.2B-C, Fig. 4.3F-0).

Prior research shows that TLR stimulation, in combination with downstream Type I
Interferon signaling, leads to expression of TAM receptors on APCs and subsequent sup-
pression of TLR signaling through NfB. However, others in the field have demonstrated that
inflammatory context can “flip” the nature of efferocytosis from tolerizing to immunizing,
suggesting nuance in the interplay between differing TLR stimulation and TAM signaling.
Incubation of APCs with GO in the presence of inflammatory PAMP stimulation of the
cell-surface pattern receptor TLR4 enhanced, rather than dampened, tolerogenic responses
to GO. Supporting the hypothesis that efferocytosis acts as a brake on the immune system
in the context of inflammation, these data suggest active tolerogenic antigen presentation
plays a role in tolerogenic responses to efferocytosis.

Due to the strong bi-directional crosstalk between the target T cell and the presenting DC
to modulate the DC toward a tolerogenic program, we investigated naive immunity with the
same xenoantigen (OVA), controlling for prior antigen experience. By enriching the antigen-
specific compartment of T cells, adoptive transfer greatly increases the frequency with which
we would expect antigen-experienced APCs to encounter cognate T cells. Therefore, im-
munomodulation seen in the OT model system may result from heightened abundance of
antigen-specific T cells. To evaluate whether this heightened abundance was necessary for
the observed immunomodulation, we probed effects of GO in a naive, wild-type mouse, free
of adoptive transfer. We utilized an allergic airway inflammation model, characterized by
pathological Type 2 responses by endogenous OVA-specific T cells, mimicking the Th2-driven

nature of human allergic asthma. In this model, we administered GO before sensitizing to

101



OVA, such that antigen-specific T cells in the endogenous repertoire were both naive and
at physiological sparse abundance. GO administration indeed mitigated hyperreactivity to
OVA as demonstrated by reductions in pathological drivers including mucus hypersecretion
and IgE in the airway, without causing obvious immune dysfunction (Fig. 4.5). Importantly,
prophylactic exposure to OVA did not significantly inhibit pathogenesis (Fig. 4.5), indicating
enhanced tolerizing capabilities of GAS6-associated antigen compared to antigen (here, OVA)
exposure alone. Similarly to OVA controls, AGO did not yield immunological protection to
challenge, suggesting that PS-binding capacity is required for immunological protection (Fig.
4.4B-C). Because we observed tolerogenic immunomodulation in this context, we conclude
that tolerance induction by efferocytic antigen fusion can occur even in environments with
few antigen-specific T cells, and those being naive. Given the bi-directional crosstalk, this
is important in our model, understanding that it can launch from a naive state and then
self-reinforce.

Secondary necrosis is absent in healthy mice due to endogenous efferocytosis. Thus, we
interpret immunological effects of efferocytosis-linked antigen delivery while controlling for
inhibition of secondary necrosis. GO effects must then be due to efferocytic clearance, TAM
receptor signaling, and downstream antigen presentation. There appears to be tighter control
over how efferocytosis regulates CD8 " T cell immunity compared to CD4 " T cell immunity,
as implied by the stronger dependence on physical linkage (via Gla:PS interaction) for APC
immunomodulation in CD8" than in CD4™ T cell co-culture experiments. Given that both
GO and AGO modulated APC phenotype in vitro but only GO drove significant reduction of
antigen-specific T cell recovery in vivo, the linkage of antigen with clearance of dying cells in
the milieu appears critical for meaningful immunomodulation. Dying cell clearance is known
to stimulate metabolism of cellular material, influencing immune cell phenotype. However,
receptor signaling is attenuated when receptor crosslinking is absent. Thus, we are unable to

confirm if metabolic changes drive outcomes or if stronger receptor signaling would produce
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the same results between GO and AGO in vivo. Taken together, these results suggest that
efferocytosis suppresses pathogenic immunity via exhaustion of antigen-specific CD8 " T cells
in a cellular-debris-clearance-dependent manner. These results align with previous reports
of enhanced cross-presentation associated with efferocytosis.

Tregs have long been appreciated to mediate dominant tolerance in an antigen-dependent
manner, preventing and suppressing inflammatory disease. While Tregs have been shown
to promote efferocytosis in macrophages, efferocytosis has also been shown to promote Treg
induction by increasing coinhibitory marker expression (ex. CTLA-4) by efferocytes, sug-
gesting a bidirectional relationship. In vitro and in vivo, we observed meaningful expansion
of antigen-specific Treg populations only following exposure to GAS6-associated antigen. In
vivo, significant expansion of Tregs only occurred with PS-binding GAS6-associated antigen,
indicating the importance of linkage of antigen to dying cells. We observed expansion of OT-
IT Tregs but not the endogenous Treg compartment in vivo, supporting our hypothesis that
Treg expansion is antigen specific (Supplementary Fig. 3D-E). Previous research has shown
Treg populations with increased Helios, FR4, and CD73 expression to have increased suppres-
sive capacity and commitment to Treg fate(33,52,65). Indeed, exposure to GAS6-associated
antigen, but not unmodified antigen, expanded the population of Tregs and increased Treg
expression of Helios, FR4, and CD73. Aligning with effects of GAS6-associated antigen
on antigen-specific CD8 " T cells, simultaneous exposure of APCs to GAS6-associated anti-
gen and inflammatory stimulation led to significantly increased expansion of antigen-specific
Tregs compared to unstimulated groups in vitro. Groups exposed to a large amount of un-
modified antigen exhibited the same trend, but had overall less expansion of Tregs compared
to GAS6-associated antigen treated groups. Taken together, these data suggest that antigen
taken up through efferocytosis significantly promotes Treg expansion. We hypothesize this
Treg expansion to mediate the observed suppression of immunity in vivo.

Our tool, GO, allowed direction of one pathway by which antigen is collected and pre-
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sented by efferocytosis. We note that there are other mediators that serve as bridge proteins
in efferocytosis, such as MFGE-8. We also note that neuraminidases are expressed in apop-
tosis, leading to remodeling of the cell-surface glycome triggering APC collection by C-type
lectins. Our group has explored this latter pathway extensively in murine models of Type 1
diabetes, neuroinflammation, and allergic asthma, in which Tregs have been demonstrated
to exert protective effects. Given the high frequency of Tregs generated by GAS6-associated
antigen, their robustness, e.g. as indicated by expression of the transcription Helios in com-
bination with FoxP3, and the robustness of the process under inflammatory conditions (at
least mimicking a bacterial inflammation, via TLR4), it is conceivable that this pathway

may be useful in a translational sense.

4.6 Methods

4.6.1 Design of Recombinant Fusion Proteins

The recombinant fusion protein GO was designed by joining the sequence of murine GAS6
(UniProtKB: Q61592) with chicken ovalbumin (OVA) (UniProtKB: P01012), linked with
a flexible glycine-serine (G4S) linker. An 8x histidine tag was added to the C-terminus
of the fusion protein to facilitate affinity purification. The fusion protein sequence was
cloned into the pSecTag2A vector using standard molecular biology techniques, and the
resulting construct was amplified in Escherichia coli DH5-« cells cultured in 2XY'T broth with
ampicillin (100 pg/mL). Plasmid purification was performed using the QIAprep MaxiPrep
Kit (Qiagen).

4.6.2  Transfection in HEK293 Cells

HEK293F cells were cultured in FreeStyle 293 Expression Medium with Glutamax (Gibco

#12338-026). Cells were transfected with plasmid encoding GO using Polyethyleneimine
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Figure 4.6: Supplemental Figure 1 Histidine affinity purification (A) and size exclusion
purification (B) of GO. (C) Surface Plasmon Resonance (SPR) analysis demonstrating spe-
cific binding of wild-type GAS6 to PS-containing liposomes at three concentrations, including
two runs of the lowest concentration. This serves as a positive control for the SPR assay in
(Fig. 1E). (D) Distribution of fluorescent intensities of OVA staining for BMDCs incubated
with media (grey), a mixture of GAS6 and OVA (light blue; G+0), OVA at 1 ug/mL (dashed
yellow; O01.00), OVA at 100 pg/mL (brown, 0100), or GO at equimolar concentration to
01.00 (purple). (E) BMDC uptake of OVA was assessed at 4C according to the same scheme
as Fig. 4.1F
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Figure 4.7: Supplemental Figure 2 (A) Heatmap displaying Z-scored MFI expression of
immune markers on OT-I T cells (A) and OT-II T cells (B) across treatment conditions
(Saline, OVA, OVA hi, GO + LPS). Rows are clustered by Euclidean distance.
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Figure 4.8: Supplemental Figure 3 Flow cytometric analysis of spleen samples from the
same experiment shown for lymph nodes in Fig. 4.3. (A) OT-I cells as a percentage of the
CD8" T cell compartment. (B) OT-II cells as a percentage of the CD4" T cell compartment.
(C) Tregs as a percentage of the OT-II compartment. Relative abundance of Tregs in the
bulk CD4" T cell compartments of cells recovered from the draining LNs (D) and spleen
(E). (F) Median fluorescence intensity (MFI) of TIM-3 on OT-I cells. (G) Percentage of
TIGIT " OT-I cells. (H) Percentage of TIGIT ™ OT-II Tregs. (I) MFI of TOX on OT-I cells.

107



o

-4 -4 = 104
- . = =
" . 3 & = % 8- . 4 = 8- o, A
2 5 Og 4 - 2l | ™ e Saline
- £ Ec 6 25 6
5§+ Sg Cs + AGAS6-OVA
:E E 2 4 g:g 4 Ao GAS6-OVA
> = -
£ % §E 2 2 2-
2 e 2
o o o - o p-
D . E . F .
D 8- 2 104 2 10+
=3 =2 a
2] 4 ‘.‘ =0 8- i n g A
— G Y o _— * 8 1—. _ A
» - % r o X%
(] 2 g : 02 6 H
e 2, SE =2 e Saline
o Jp= = = c
s 56 4 58 4 + AGAS6-OVA
T 2- £E ,J £, 4 GAS6-OVA
8 3¢g £
2 o- 2 o- e o-
o o o

Figure 4.9: Supplemental Figure 4 (A) Proliferation indices of OT-I cells (A), conven-
tional OT-II cells (B), and FoxP3"CD25" OT-II Tregs (C) isolated from the draining LNs.
Proliferation indices of OT-1 cells (D), conventional OT-II cells (E), and FoxP3"CD25"
OT-II Tregs (F) isolated from the spleen.
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Figure 4.10: Supplemental Figure 5 (A-D) Representative H&E-stained lung sections
displaying mucin-containing airway epithelial cells for the naive (A), sensitized (B), OVA-
treated (C), and GO-treated (D) groups. Scale bar: 100 pm.
relationship between eosinophil abundance among CD45" cells in the lung and BAL.

109

(E) Scatterplot showing



(PEIL; Linear, MW 25000, Transfection Grade; Polysciences #23966-1). Transfected cells
were cultured for 7 days to allow for protein expression before harvesting and filtering the

supernatants containing the secreted recombinant proteins.

4.6.3 Purification via FPLC

Recombinant proteins were purified from HEK293F cell supernatants using an AKTA Pure
fast protein liquid chromatography (FPLC) system (Cytiva). All chromatography steps were
performed at 4°C, and the collected fractions were analyzed by SDS-PAGE to assess purity

and to identify the desired protein fractions.

4.6.4  Affinity Chromatography

Histidine-tagged fusion proteins were purified using a HisTrap HP nickel affinity chromatog-
raphy column (Cytiva). The column was equilibrated with running buffer (20 mM NaH2PO4,
500 mM NaCl, pH 7.4). Cell supernatants were supplemented with imidazole to a final con-
centration of 15 mM, were loaded onto the column, and the bound proteins were washed with
running buffer. Protein elution was performed via a stepwise imidazole gradient, peaking
at 300 mM. Fractions containing the desired proteins were collected and pooled for further

purification.

4.6.5 Size Exclusion Chromatography

Affinity-purified proteins were further purified by size exclusion chromatography using a
HiLoad 16/600 Superdex 200 pg column (Cytiva). The column was equilibrated with PBS.
Protein samples were loaded onto the column and eluted with PBS. Fractions corresponding

to the monomeric protein peak were collected.
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4.6.6  Anion Exchange Chromatography

Anion exchange chromatography was performed for GO using a 5 mL HiScreen Q HP column
(Cytiva). The column was equilibrated with running buffer (20 mM Tris, 150 mM NaCl, pH
7.4). GO was supplemented with 4 mM EDTA, loaded onto the column, and washed with
running buffer. Elution was carried out using a stepwise gradient of 3 mM CaCl2, 10 mM
CaCl2, and 0.5 M NaCl in running buffer. Fractions containing ~-carboxylated GO were

collected and stored at -80°C.

4.60.7 Protein Characterization

SDS-PAGE

Purified proteins were analyzed by SDS-PAGE using 4-20% Mini-Protean TGX Stain-Free

Gels (Bio-Rad) to assess purity.

Surface Plasmon Resonance (SPR)

Protein-phospholipid interactions were characterized by surface plasmon resonance (SPR)
using a Biacore X100 system (Cytiva) with an L1 sensor chip (Cytiva). Liposomes composed
of 100% phosphatidylcholine (PC) (Avanti), or 80% PC + 20% phosphatidylserine (PS)
(Avanti) were prepared by thin-film hydration and extruded through a 0.22 pum filter. After
capturing liposomes on the L1 chip, binding of the fusion proteins was measured in the

presence of 4 mM CaCl2.

4.6.8 BMDC Culture

BMDCs were generated from C57BL/6J mice as described by a modified Lutz protocol.
Briefly, femurs and tibiae were harvested from 6-15-week-old mice, and bone marrow cells

were flushed out using RPMI 1640 medium, The cells were cultured at 3 x 106 cells per 10
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cm non-treated dish in 10 mL modified Lutz medium (RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin, 50 uM S-mercaptoethanol (Gibco
#21985023), 20 ng/mL GM-CSF (Peprotech #315-03), and 200 ng/mL Flt3L (Peprotech
#250-31L)). On day 3, 10 mL fresh medium was added. On day 6, half the medium was
replaced. Non-adherent and loosely adherent BMDCs were harvested on day 9 for experi-

ments.

4.6.9 BMDC Uptake Experiments

For uptake experiments, BMDCs were incubated with GO or appropriate controls for 30
minutes at 4°C or 37°C. Cells were then washed with cold FACS buffer (PBS with 2%
FBS, 2 mM EDTA), blocked with Fc block, stained with fluorescently labeled anti-CD11c
(BV421, BD #b565451) and anti-OVA (Rockwell #200-4233) antibodies, and analyzed by

flow cytometry.

4.6.10 BMDC:0OT Co-Culture

OT-I (CD8+) and OT-II (CD4+) T cells were isolated from mice using magnetic isolation kits
(StemCell #19852 & #19853) and labeled with CellTrace Violet (CTV; Thermo #C34557).
BMDCs were incubated with GO, OVA (produced in-house in mammalian culture), SIIN-
FEKL, or ISQ peptides with or without 5 ng/mL LPS, for 18-24 hours. Stimulated BMDCs
were then washed and co-cultured with CellTrace Violet-labeled OT-I or OT-II T cells at a
1:10 ratio for 60 hours. T cell proliferation was assessed by CellTrace Violet dilution using

flow cytometry.

4.6.11 Mice

B6 (C57BL/6J, Stock No: 000664), OT-I (C57BL/6-Tg(TcraTerb)1100Mjb/J, Stock No:

003831), and OT-II (B6.Cg-Tg(TcraTerb)425Cbn/J, Stock No: 004194) mice were originally
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purchased from The Jackson Laboratory and were subsequently bred in-house with B6 mice
bearing CD45.1. All mice were housed under specific pathogen-free conditions in the animal
facilities at the University of Chicago. Experiments were performed in accordance with the

guidelines of the Institutional Animal Care and Use Committee (IACUC).

4.6.12  OT Adoptive Transfer Model

For adoptive transfer experiments, on day 0, OT-I and OT-II T cells were isolated and
labeled with CTV as described above. OT-I and OT-II cells were injected intravenously into
naive B6 recipients (1-3 x 105 cells of each type per mouse). The following day, the mice
were administered 0.1-10 pg GO, AGO, OVA, or saline via intravenous injection. On day 15,
mice were challenged via hock injection with 20 pug OVA emulsified in Complete Freund’s
Adjuvant (CFA; Thermo #77140). On day 20, spleens, hock-draining lymph nodes, and

blood were harvested for flow cytometry.

4.6.18  Allergic Airway Inflammation Model

Allergic airway inflammation was induced in 8-12-week-old B6 mice as follows.

Sensitization and Challenge

Mice were sensitized on days 0 and 7 by intraperitoneal injection of 50 ug OVA (Grade V,
Sigma-Aldrich) adsorbed to 1 mg aluminum hydroxide (Imject Alum, Thermo Scientific) in
200 puL saline. GO (2.33 pmol = 0.28 ug per dose), OVA (2.33 pmol = 1 ug per dose) or
saline was administered intravenously on day 14. On days 28-31, mice were challenged with

25 pug OVA in 50 pL saline via intratracheal instillation.
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Sample Collection

On day 35, mice were sacrificed. Bronchoalveolar lavage (BAL) was performed by instilling
and recovering a total of 2.9 mLL PBS through the trachea. BAL cells were combined across
lavages for flow cytometric analysis. Lungs and mediastinal lymph nodes were harvested for

flow cytometry. The caudal lobe of the lung was fixed for histology, described below.

H&E and PAS Histology

Lung tissues were sliced into serial 5-pm-thick sections. They were stained with either
periodic acid-Schiff (PAS) or hematoxylin and eosin (H&E) staining, which were performed
by the Human Tissue Resources Center at the University of Chicago (RRID:SCR 019199).
The University of Chicago Integrated Light Microscopy Core then imaged the slides on an
Olympus microscope at 40x (RRID:SCR 019197).

Histological Scoring

Data were analyzed in QuPath with the pixel classifiers described in Gémez Medellin et
al.(54) In brief, a pixel classifier identifies features of interest including mucin, airway lining,
and blood vessels. Abundance of pixels classified as mucin compared to all classified tissue

pixels is analyzed.

4.6.14  Quantitative and Statistical Analysis

Prior to hypothesis testing, outliers were identified and removed using the robust regression
and outlier removal (ROUT) method with Q = 1%. All remaining datasets were then
subjected to Shapiro-Wilk tests for normality. For datasets in which every group passed
normality, we compared group standard deviations: if the ratio of the largest to smallest SD

exceeded three, Brown—Forsythe and Welch ANOVA were used; otherwise, ordinary one- or
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two-way ANOVA with Tukey’s multiple comparison correction was applied. When at least
one group failed the normality test, we employed Kruskal-Wallis tests with Dunn’s post hoc
correction. Pairwise comparisons noted in the captions were performed by unpaired two-
tailed t-tests, and contingency analyses (e.g., responder vs. non-responder classification)
were evaluated by Fisher’s exact test. All statistical tests were two-sided with a significance
threshold of p < 0.05.

Graphing of all bar plots, scatter plots, and statistical summaries was performed in
GraphPad Prism v10.4.2. Heatmaps of Z-scored expression data were generated in R (version
4.4.2) using hierarchical clustering (Euclidean distance, complete linkage) and visualized with

the ComplexHeatmap package.55
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