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Abstract

Oxidized phospholipids are a diverse class of molecules that have been
implicated in nearly all pathologies involving oxidative stress. Here, we will
examine the role of oxidized phospholipids in a murine model of non-alcoholic fatty
liver disease as well as investigate the complexity of the oxophospholidome in

critically ill patients.

In the first part of this dissertation, we developed an AAV8-mediated gene
therapy to express a neutralizing antibody fragment against oxidized
phospholipids. We inoculated mice either prophylactically or after the development
of hepatic steatosis and were able to neutralize plasma oxidized
phosphatidylcholine (OxPC) species, lowering their concentrations, as well as
protect mice from developing hepatic steatosis or hepatic fibrosis. In the second
part of this dissertation, we identified and quantified OxPC species present in
plasma of critically ill patients. We determined concentration ranges of individual
OxPC species and discovered that classes of OxPC species associated with
unique clinical parameters suggesting specific roles of OxPC species in different

pathologies.

In conclusion, we have developed a suite of tools to interrogate the role of
OxPCs in vivo directly which will provide novel insight into the function of OxPCs

in diverse pathologies.



Chapter 1: Introduction

Phospholipids are a fundamental necessity for life and are evolutionarily
conserved across all phyla. They exhibit incredible flexibility in their function
ranging from physical barriers separating “us” from “not us” as demonstrated by
phospholipid monolayer and bilayer membranes to highly specific signaling
molecules like phosphatidyl inositol species. Despite their remarkably diverse
functions, phospholipids that are composed of unsaturated fatty acids are subject
to environmental conditions that can result in the formation of oxidized
phospholipids. The remainder of this introduction will be dedicated to
understanding how oxidized phospholipids form, how they are reduced in vivo,
their role in physiology and pathology, and recent approaches developed to study
their effects in vivo.

1.1 - What are oxidized phospholipids?

Oxidized phospholipids (OxPLs) are comprised of a glycerol backbone that
contains two acyl-chains in the sn-1 and sn-2 positions and a phosphate head
group in the sn-3 position (7). Typically, the sn-2 position contains an unsaturated
acyl-chain that is susceptible to oxidation. The sn-3 position contains a
phosphodiester head group that can include phosphatidyl -choline (PC), -
ethanolamine (PE), -serine (PS), -inositol (PI), -glycerol (PG), and phosphatidic
acid (PA). For the sake of this dissertation, | will primarily focus on PC, PE, and
PS species; however, all phospholipids, and further, any lipids, containing an
unsaturated acyl chain are susceptible to oxidation independent of head group.

Oxidation of phospholipids can occur through free radical-mediated oxidation or
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enzyme catalyzed oxidation. Oxidation products that arise from these initial

oxidation events can be further functionalized and ultimately decompose via Hock
rearrangement to form truncated oxidized phospholipids liberating bioactive,
aldehydic compounds like 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA) (2).

1.2 - How do they form?

1.2.1 - Free radical-mediated oxidation

Halliwell and Gutteridge defined a free radical as any molecule with an
orbital containing an unpaired electron (3). By this definition, the life-sustaining
molecular oxygen we have evolved to require is a free radical in its ground state.
Endogenous free radicals can be generated in many different cellular
compartments including by the mitochondrial electron transport chain that converts
glucose and fatty acids to ATP, NADH, and metabolites leading to generation of
the free radical superoxide (Oz7). Consequently, biological organisms are
constantly bombarded by free radicals and have evolved mechanisms to combat
the oxidation process which will be discussed later in this chapter. Free radical
oxidation can occur within nearly every class of biomolecules from complex
superstructures like DNA, RNA, and protein to simple molecules like lipids and
metabolites (7).

Here, we will focus exclusively on the free radical oxidation of unsaturated
lipid compounds. Free radical oxidation of polyunsaturated fatty acids (PUFAs) is
a two-step process that starts with initiation (3). This occurs when a free radical

molecule like a hydroxyl radical reacts with an a or 3 hydrogen from the methylene
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group in one of the double bonds of a PUFA (3). The methylene radical generated

by this process is highly reactive and can then react with molecular oxygen
resulting in a radical, peroxy lipid completing the initiation phase (3). At this point,
the peroxy lipid radical can then propagate the chain reaction to other compounds
in close proximity. In many cases this includes other PUFA in adjacent
phospholipids and proceeds through the mechanism described previously,
resulting in a non-radical lipid peroxide species and an acyl chain containing a
radical methylene group. Therefore, one might imagine that low concentrations of
radicals are sufficient to initiate and further propagate super-stoichiometric lipid
oxidation resulting in a “chain reaction.”

Upon abstraction of the subsequent hydrogen by a peroxy lipid radical, the
non-radical lipid peroxide can give rise to numerous lipid oxidation products that
are classified as full-length lipid oxidation products (7). Lipid peroxide species are
susceptible to further oxidation and may further participate in propagation of the
chain reaction resulting in a single lipid with multiple peroxide species present (4).
Lipid peroxides can be reduced to the alcohol by enzymatic or non-enzymatic
mechanisms (7). Additionally, through autooxidation lipid peroxides can cyclize
and form epoxides, isoprostane-like compounds, and cyclic endoperoxides (5, 6).
Endoperoxides can further decompose to form the lipid oxidation byproduct MDA
(2). Phospholipids may be oxidized by other free radical species like reactive
nitrogen species, but that is beyond the scope of this introduction and will not be

discussed here (7).



1.2.2 — Enzymatic Oxidation

In addition to free radical mediated oxidation, phospholipids can be oxidized
by direct enzymatic mechanism. Lipoxygenase family enzymes act on 1,4
pentadiene motifs and oxidized lipids to form hydroperoxide containing
phospholipids which can decompose through the mechanisms described

previously resulting in formation of a chemically diverse set of OxPLs (8).

1.2.3 — Hock rearrangement

Formation of truncated oxidized phospholipids occurs through Hock
rearrangement, also known as the cumene process (9). In this process, organic
peroxides react to form a truncated oxidized phospholipid species that are
oxidatively modified with either an aldehyde or carboxylic acid. As a byproduct of
this reaction both 4-HNE and MDA can be liberated depending on the starting
PUFA (7).

1.3 — How are OxPLs reduced in vivo?

Once synthesized, bioactive OxPLs can regulate numerous cellular and
physiological processes (see section 1.4). Mechanisms have evolved to limit
rampant oxidation of phospholipids in vivo. Compared to the external environment,
the internal milieu of a cell is shifted to favor reduction. When this balance is shifted
toward an oxidizing environment electrophilic compounds like truncated OxPLs are
generated and can covalently modify Kelch-like ECH-associating protein 1
(KEAP1), disrupting the inhibitory action of KEAP1 on the transcription factor
nuclear factor erythroid 2-related factor 2 (NRF2) and allowing its translocation to

the nucleus (70). NRF2 regulates expression of a host of genes involved in redox
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homeostasis and promotes expression of an antioxidant and reducing gene

program (77). Electrophilic activation of NRF2, upregulates expression of
reductases that use NADPH and NADH to maintain a delicate redox balance (712).
Additionally, NRF2 activation regulates glutathione production, a tripeptide that is

used by the cell as a reducing agent to maintain redox homeostasis (13).

Glutathione is a co-factor for the class of enzymes known as glutathione
peroxidases (GPx) that were first discovered in 1957 (74). Reduction of linolenic
acid hydroperoxide by a GPx was the first evidence that the GPx family could
reduce a wide variety lipid hydroperoxides using glutathione as a substrate (715).
Recent work has demonstrated that GPx4 is responsible for reduction of lipid
hydroperoxides to their cognate alcohols (76). Recently, GPx4 has been implicated
as key regulator of the iron-dependent cell death, ferroptosis (17, 18).
Consequently, GPx4-mediated reduction and subsequent detoxification of
oxidized phospholipid is an essential pathway for clearance of potential damaging

OxPLs.

In addition to direct enzymatic reduction of OxPLs, phospholipase-mediated
cleavage of oxidatively modified phospholipids serves to detoxify damaged
phospholipids. Lipoprotein-associated phospholipase A2 (Lp-PLA2 or PAF-AH)
has been shown to cleave oxidatively modified fatty acids in the sn-2 position of
oxidized phospholipids, and the ablation of Lp-PLA2 exacerbated CCls-induced

oxidative damage (79-21).



6
Recently, it has been shown that a single chain variable fragment of the

natural IgM mouse antibody, E06 (scFV-EO06) is sufficient to protect mice from
atherosclerosis, NAFLD, CCls-induced hepatic fibrosis, and age-related loss in
bone density (22-25). It has been demonstrated that EO6 can bind OxPC species
in vitro and evidence suggests that expression of scFv-E06 neutralizes plasma
OxPCs as there is a reduced signal when assessed with an E06-based ELISA
assay (22, 24, 26). The work disclosed in this dissertation will demonstrate direct
evidence of a reduction in plasma OxPC species in response to expression of

ScFv-E06 (27).

1.4 — OxPLs in physiology and pathology

Given the large number of possible acyl-chain combinations and the
numerous oxidative derivatizations, the possible number of endogenous OxPLs is
vast, and consequently, OxPLs have been demonstrated to regulate an array of
biological processes (7). OxPLs have been described as danger-associated
molecular patterns (DAMPs) and been shown to regulate endothelial barrier
function, as well as immune cell migration, activation, and metabolism in the
context of obesity and atherosclerosis (28-38) . As a DAMP, OxPLs have been
demonstrated to bind CD14 and CD36 and regulate whole body responses to
endotoxemia and septic challenge (36-47). Additionally, OxPLs have been
implicated in processes as fundamental as cell death, including apoptosis,
caspase 11-dependent inflammasome-mediated pyroptosis, and redox-mediated

ferroptosis (42-46).
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In the following sections, | will highlight some of the many pathologies and

cellular processes in which OxPLs play a role.

1.4.1 — Atherosclerosis

Oxidized phospholipids were discovered on minimally modified (oxidized)
low density lipoproteins (MM-LDL) and shown to be a bioactive component of MM-
LDL (28). MM-LDL has been shown to be a risk factor in cardiovascular disease
and coronary heart disease (47). The mechanism through which oxidized LDL
(OxLDL) exacerbates CVD and CHD have been explored extensively. Previous
work has demonstrated that OxLDL can accumulate in the sub-endothelial space
resulting in activation of endothelial cells, smooth muscle cells, and macrophages
(48). OxLDL accumulation results in increased inflammatory tone and promote
monocyte endothelium interactions (49). Additionally, OxLDL promotes foam cell
macrophage formation by promoting increased expression of CD36, a class B
scavenger receptor that binds y-keto/hydroxy phospholipids (37, 50).

Lipoprotein (a) (Lp(a)) has been identified as a carrier of oxidized
phospholipids and can contain the apoplipoprotein apoB-100 (57). Elevated Lp(a)
is a risk factor for atherosclerosis as well as other vascular pathologies including
calcific aortic stenosis and coronary artery disease (67-56). Nevertheless, the
specific role of Lp(a) bound OxPLs in disease progression remains unclear.

1.4.2 — Blood

In addition to its role in atherosclerosis, MM-LDL has been show to activate

platelets resulting in platelet aggregation which could not be rescued by

antioxidants like a-tocopherol (Vitamin E) and probucol (57). Previously, it has



8
been shown that treatment of platelet activating factor acetylhydrolase (PAF-AH)

ablated the effect of MM-LDL suggesting that platelet activating factor or lipid
species structurally similar, for which PAF-AH is promiscuous, is the bioactive
component promoting platelet aggregation (20). PAF-acetylhydrolases are a small
family of enzymes that exhibit sn-2 specific lipase activity (568). While the canonical
substrate of PAF-AH is the potent prothrombotic platelet activating factor, it has
been demonstrated that oxidative modification of sn-2 acyl chain promotes
promiscuous hydrolysis of aldehyde- and carboxylic acid-modified truncated
OxPLs resulting in MM-LDL lipid remodeling (79, 20). In fact, PONPC was
hydrolyzed with nearly identical efficiency compared to PAF by PAF-AH (719).

CD367 mice on a Western diet exhibited blunted platelet activation
suggesting that CD36 is necessary for a complete thrombotic response in the
context of hyperlipidemia (38). Podrez et. al. demonstrated that CD36 ligands like
hydroxyoctadecadienoic acid-PC (HODA-PC), but not 1-palmitoyl-2-(5'-oxo-
valeroyl)-sn-glycero-3-phosphocholine (POVPC), were sufficient to promote
human platelet fibrinogen activation and platelet P-selectin expression in vitro (36-
38). Irreversible pharmacological inhibition of PAF-AH resulted in an increase in
truncated OxPL species including bona fide CD36 ligands in vitro (59).

In addition to the role of CD36 ligands to thrombus formation, recent work
has demonstrated a role for full-length OxPL species. ALOX127- and ALOX157
mice exhibited impaired venous coagulation assessed by tail bleed compared to
WT controls (60). Application of 12-hydroxyeicosatetraenoic acid-PE (12-HETE-

PE) liposomes rescued coagulation demonstrating that full-length hydroxy-
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modified phospholipids are necessary for a complete thrombotic response (60).

Additionally, 5-, 12-, and 15-HETE-PE and -PC were all sufficient to induce
thrombin formation in vitro with PC isomers demonstrating a higher potency (60).
The mechanism through which these OxPL species promote coagulation is not
clear, but it has been proposed that incorporation of these lipid species into the
membrane permits Ca?* membrane association and supports phosphatidyl serine
dependent activation of clotting factors (60). Interestingly, the more potent HETE-
PC species refute the previously accepted “Anything But PCs” hypothesis as
important lipid mediators in PS-dependent clotting cascade activation (60, 67).
Remarkably, these lipid species were also sufficient to restore thrombin
formation in plasma from patients with Factor VIII (Hemophilia A), Factor IX
(Hemophilia B), or Factor Xl deficiency (62). 9-, 12-, and 15-HETE-PLs were more
effective at enhancing coagulation which suggests some isomeric selectivity (62).
These findings demonstrate a critical role of OxPLs in coagulation and
further exemplify why it is necessary to elucidate the role of individual OxPL
species. Moreover, it confirms that OxPL should not solely be consider “bad” lipids,

but rather, their functions should be considered within each biological context.

1.4.3 — Polarization of macrophages

OxPLs can be recognized as DAMPs by toll-like receptor 2 and 4 (TLR2
and TLR4) to regulate macrophage function. Kadl et. al. demonstrated that
treatment of bone-marrow derived macrophages (BMDMs) with oxidized 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine  (OxPAPC)  polarized

BMDMs to a unique Mox phenotype. This phenotype was characterized be
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decreased phagocytosis and chemotaxis commiserate with an upregulation of

NRF2-dependent gene programs (32). They further determined that approximately
one third of macrophages present in atherosclerotic lesions from mice resemble
this phenotype (32).

Further investigation revealed that polarization of BMDMs to an Mox
phenotype resulted in a significant increase in reducing potential most likely
through metabolic rewiring to promote production of glutathione from glutamate at
the expense of ATP production (34, 63). Additionally, resident adipose tissue
macrophages phenocopy Mox polarized BMDMs suggesting that OxPLs present in
healthy adipose tissue promote a homeostatic, redox-regulatory tissue resident
macrophage (64).

1.4.4 — Bone

Age-related bone loss has been associated with increased lipid
peroxidation and oxidative stress. Bone density is regulated by the antagonistic
function of osteoblasts and osteoclasts present within the bone. Recent work has
also suggested that osteal macrophages which are typically found in close
proximity with osteoblasts also regulate bone density (65). The number of
osteoblasts and osteoclasts present in the bone as well as the osteoblast and
osteoclast surface area to bone area are reduced in response to aging (25).
Likewise bone formation rate to bone surface area (BFR/BS) is significantly
decreased in aged mice (25). Expression of scFv-E06 and neutralization of
oxidized phospholipids resulted in increased in BFR/BS rate in both young and

aged mice. This is most likely due to significant decrease in osteoclast number and
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surface area in mice expressing scFv-E06 compared to their littermate controls

(25). Interestingly, ovariectomized mice were not protected from a loss in bone
density by expression of scFv-E06, which implies a separate, OxPL-independent
regulation of bone density (25).

Consequently, this strongly suggests OxPLs play a role in regulating
osteoblast and osteoclast differentiation. RNA-seq analysis of vertebrae from
scFv-E06 expressing mice showed a significant increase in genes involved in Wnt
signaling as well as genes involved in osteoblast differentiation and survival,
mesenchymal proliferation, bone mineralization, and extracellular matrix
organization (25). It has been demonstrated that OxPLs can inhibit osteoblast
differentiation and survival (66). Indeed, previous work has demonstrated that
treatment of either osteoblast or osteoclasts with oxidized FFAs like 9-HODE, 12-
HETE, 13- HODE, 15-HETE, as well as the lipid oxidation byproduct 4-HNE inhibit
osteoblastogenesis and Whnt signaling while promoting osteoblast and -clast
apoptosis in vitro (66). Additionally, both OxLDL and OxPLs like POVPC and 1-
palmitoyl-2-glutaryl phosphatidylcholine (PGPC) have been shown to be ligands
for low-density of lipoprotein receptor related protein 6 (LRP6) which is a co-
receptor for Wht signaling. LRP6 cell surface expression in mesenchymal stromal
cells (MSCs), progenitors for osteoblast and osteoclasts, significantly impaired
MSCs response to osteogenic factors (67).

1.4.5 - Eye
Recent work has demonstrated that OxPC species are present in both rat

and human aqueous humor (68). Truncated OxPC species POBPC, POVPC,
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PONPC, PMPC, PGPC, and PazPC were significantly upregulated in a rat model

of uveitis (68). Human aqueous humor was collected from patients with cataracts
with or without concomitant uveitis (68). Patients with uveitis exhibited an increase
in truncated OxPCs that reflected what was observed in rats (68). Additionally,
treatment of a retinal pigment epithelial cell line (ARPE-19) revealed that the
commercially available truncated OxPC species POVPC, PGPC, PONPC, and
PazPC were cytotoxic (68).

Similarly, an increase in PGPC and POVPC in retinal pigment epithelial
cells in response to Alu RNA was reported in a model of geographic atrophy which
is a form of age-related macular degeneration (69). This increase may exacerbate
macular degeneration through numerous possible cytotoxic mechanisms like non-
canonical inflammasome activation or ferroptosis (44, 69). Additionally, this
suggests that OxPLs may serve as critical mediator of eye pathologies and may
provide a potential therapeutic target for inflammatory or aged-related ocular
pathologies.

1.4.6 — Lung

The lung epithelium must constantly protect itself from a pro-oxidizing
environment. In addition to constant exposure to molecular oxygen and ozone, the
lung epithelium must also contend with oxidizing environmental pollutants.
Pulmonary epithelium and pulmonary vascular endothelium are essential for
proper lung function, and loss of barrier function is a hallmark of many lung
pathologies including acute lung injury, idiopathic pulmonary fibrosis, pathogen

infection, and sepsis (70-72)
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Oxidized phospholipids both protect and exacerbate loss of lung barrier

function depending on the type of OxPL present. Full-length OxPCs have been
shown to protect lung barrier function likely through many different mechanisms of
action including indirectly inhibiting TLR signaling in the context of a sterile
inflammation and non-sterile S. aureus infection (73, 74) and stabilization of tight
junction and adherens junction interactions through a RAC1/CDC42 dependent
mechanism (75-78).

Conversely, truncated OxPL species have been shown to be detrimental in
the context of lung injury. Truncated OxPC species like POVPC and PGPC have
been shown to significantly decrease endothelial barrier function assessed by
transendothelial electrical resistance by inducing hyperphosphorylation of VE-
cadherin at Tyr8%8and Tyr’3' (79). Both phosphorylation sites are necessary for VE-
cadherin function in formation of adherens junctions (80). Interestingly, truncated
OxPCs are increased in the lungs of aged mice and predisposes them to a more
severe response to LPS induced acute lung injury likely due to increased
pulmonary vasculature permeability (87).

This poignant dichotomy between full-length and truncated OxPC species
effects in the lung should be noted. It is not sufficient to consider OxPCs as simply
a group of similarly acting molecules. To fully understand the complex role of OxPC
species in vivo it is necessary to consider species with different functional groups

separately, if not each individual lipid species.
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1.4.7 — Liver

Recent work has demonstrated a role for oxidized phospholipids in
nonalcoholic fatty liver disease. Expression of a single chain variable fragment of
E06 (scFv-E06), a natural IgM antibody that binds oxidized phosphatidylcholines
phospholipids, via the ApoE promoter protected LdIr”- mice from developing diet-
induced hepatic steatosis (22). Further work demonstrated that expression of
scFv-E06 protected mice from carbon tetrachloride-induced hepatic fibrosis and
decreased incidence of liver tumors. Sun et. al. showed that expression of scFv-
E06 decreased inflammatory tone resulting in reduced levels of blood cytokines
like RANTES, M-CSF, and TNFa, and also demonstrated an increase in Tim4+
Kupffer cells, the liver resident macrophage (24). They further demonstrate that
aldehyde containing oxidized phospholipids, specifically POVPC, can form an
adduct with proteins like manganese superoxide dismutase (MnSOD) and result
in impaired mitochondrial membrane potential and function (24). This may
contribute to and exacerbate genesis and perpetuation of nonalcoholic fatty liver
disease (24).

1.4.8 — Apoptosis, Pyroptosis, and Ferroptosis

Oxidized phospholipids are enriched in blebs from cells undergoing
apoptosis and promote endothelial-monocyte interactions mediate clearance of
activated endothelial cell (82). PS is externalized in response to loss of flipase
activity during apoptosis. Studies have shown that selective oxidation of
externalized PS is required for clearance of apoptotic cells by macrophages in a

CD36-dependent manner (42, 43, 83).
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Recent work has demonstrated that exposure to OxPAPC is sufficient to

induce caspase-11 mediated activation of the inflammasome resulting in interlukin-
1 B release; however, OXPAPC induced inflammasome activation does not result
in pyroptosis (44, 84).

Lastly, OxPLs have been implicated as a central regulator of an iron-
mediated form of cell death, ferroptosis (77). Ferroptosis is driven by excess
oxidative stress promoting rampant oxidation of plasma membrane phospholipids
and culminated in loss of membrane integrity and cell death. Arachidonic acid and
adrenic acid PEs are preferentially oxidized during ferroptosis though exact
mechanism through which OxPEs facilitate ferroptotic cell death remains an open
question (42, 45).

1.5 — Conclusion

Oxidized phospholipids are involved in a wide host of biological processes
and consequently are fundamental to our full understanding of many pathologies.
To date, there have been few tools to effectively study this class of lipids in vivo as
conventional molecular genetics and pharmacology cannot effectively produce
“oxidized lipid knockout models.”

The recent development of the scFv-E06 expressing mouse provided the
first tool to directly assess the role of OxPLs in physiology and pathology in vivo
and resulted in a renaissance of high impact papers demonstrating the role of
OxPC species in atherosclerosis and non-alcoholic fatty liver disease.

In this dissertation, we developed a viral vector to express scFv-E06 in a

therapeutic capacity and an analytical approach to identify and quantify oxidized
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phospholipids present in plasma and tissue. This vector combined with our

analytical approach has opened the door to explore the role of individual oxidized
phospholipid species in the development and progression of many different

pathologies for the first time.



17
Chapter 2: Targeting oxidized phospholipids by AAV-based gene

therapy in mice with hepatic steatosis prevents progression to
fibrosis

2.1 — Abstract

Oxidized phosphatidylcholines (OxPC) are implicated in chronic tissue
damage. Hyperlipidemic LDL-R-deficient mice transgenic for an OxPC-recognizing
IgM fragment (scFv-E06) are protected against non-alcoholic fatty liver disease
(NAFLD). To examine the effect of OxPC elimination at different stages of NAFLD
progression, we utilized cre-dependent, adeno-associated virus serotype 8-
mediated expression of the single chain variable fragment of E06 (AAV8-scFv-
E06) in hepatocytes of albumin-cre mice. AAV8-induced expression of scFv-E06
at the start of FPC diet protected mice from developing hepatic steatosis.
Independently, expression of scFv-E06 in mice with established steatosis
prevented the progression to hepatic fibrosis. Mass-spectrometry-based
oxophospholipidomics identified individual OxPC species that were reduced by
scFv-E06 expression. In vitro, identified OxPC species dysregulated mitochondrial
metabolism and gene expression in hepatocytes and hepatic stellate cells. We
demonstrate that individual OxPC species independently affect disease initiation
and progression from hepatic steatosis to steatohepatitis, and that AAV-mediated

expression of scFv-EQ6 is an effective therapeutic intervention.

2.2 — Introduction
Non-alcoholic fatty liver disease (NAFLD) is a multi-stage disease that

affects approximately 30% of the global population (85, 86). Hepatic steatosis is
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the hallmark of NAFLD, which in a subset of patients will progress into non-

alcoholic steatohepatitis (NASH). Steatosis can arise as a result of caloric
overload, which dysregulates hepatocyte bioenergetics and metabolism (87),
increases reactive oxygen species (ROS) (88) and hepatic triglyceride
accumulation (89, 90), resulting in organ damage indicated by elevated plasma
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (88, 917-
95). The culmination of multiple hepatic insults leads to the development of NASH,
which is characterized by inflammation (96) and activation of hepatic stellate cells,
ultimately leading to irreversible hepatic fibrosis (96-707). In the absence of FDA-
approved pharmacological interventions and suitable biomarkers for NASH, there

is an urgent need for new therapeutic and diagnostic tools (102).

Excess radical oxygen species (ROS) generation in steatotic livers leads to
the formation of lipid oxidation products, including oxidized phosphatidylcholines
(OxPCs) (32, 36, 39, 103). Free radical- and enzymatically-driven oxidation of
polyunsaturated fatty acids contained in phospholipids forms chemically unique
classes of oxidized species whose location and chemical functionalization dictate
the regulation of specific cellular responses, including endothelial barrier integrity
(29, 74, 81, 104, 105); immune cell migration (37), activation (32, 103), and
metabolism (34); bone homeostasis (706); and regulated cell death (43, 45).
Consequently, OxPCs are thought to play a central role in acute pathologies such
as sepsis (39), lung injury (81, 104, 107), as well as in chronic diseases including
those of the metabolic syndrome (24, 64). Moreover, plasma levels of OxPCs, as

measured by reactivity with EO06, a natural IgM that binds oxidized
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phosphorylcholine (54), predict severity of human carotid and femoral

atherosclerosis (26).

Recent work from the Witztum laboratory has demonstrated that
constitutive transgenic expression of a single chain variable fragment of EO6 (scFv-
E06) protects hypercholesterolemic Ldlr’- mice from diet-induced HS and
subsequent NASH (22, 24, 26). While these studies demonstrated that targeting
OxPCs in general is sufficient to improve clinical outcomes in a mouse model of
chronic disease, the identity of individual OxPC species that are eliminated by
scFv-EO06 in vivo remains unknown. Furthermore, it is unknown whether OxPC
sequestration by scFv-EO06 is sufficient to independently halt the progression to
NASH and the transition to hepatic fibrosis, and it is necessary to identify the
cellular targets and the pathological mechanisms by which OxPCs drive hepatic

steatosis and fibrosis.

Here, we show that adeno-associated virus serotype 8-mediated hepatic
expression of scFv-E06 (AAV8-EO06) eliminates defined plasma OxPC species
derived from oxidation of 1-palmitoyl-2-arachidonoyl-sn-3-choline (PAPC) and 1-
palmitoyl-2-linoleoyl-sn-3-choline (PLPC), which protects mice from diet-induced
hepatic steatosis. Identified OxPC species regulate hepatocyte gene expression
and shift cellular metabolism toward a bioenergetically impaired state, which
results in reduced oxygen consumption and increased lipid droplet accumulation.
Moreover, intervention with AAV8-scFv-E06 in mice with established hepatic
steatosis prevents the progression to NASH and hepatic fibrosis. OxPC species

that were reduced during the progression phase regulate hepatic stellate cell
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bioenergetics and gene expression. Together, we identify specific pathology-

driving OxPC species in plasma that may be used as non-invasive biomarkers to
diagnose distinct stages of NAFLD, and we demonstrate efficacy of AAVS-
mediated gene transfer of scFv-E06G as an intervention-based therapeutic measure
that attenuates the initiation of hepatic steatosis and the progression to fibrotic

steatohepatitis in mice.
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2.3 — Results

2.3.1 — Development of cre-dependent adeno-associated virus serotype 8
expression of scFv-E06 in a diet-induced murine model of NAFLD

Previous reports demonstrated that constitutive transgenic expression of
scFv-EQ6 via the Apoe promoter protected Ldlr”- mice fed a high cholesterol diet
from hepatic steatosis and ensuing steatohepatitis (22, 24). To investigate the
effect of scFv-E06 at different stages of disease progression and to establish a
therapeutic approach utilizing virus-mediated gene transfer of scFv-E06, we
developed an adeno-associated virus serotype 8 construct containing a myc- and
6xHis-tagged scFv-E06 flanked by double-inverse orientation flox sites (AAV8-
scFv-E06) for cre-dependent expression (Figure 1A). Speer6-ps1T9(Alb-cre)21Mgn/ |
(Alb-cre) mice, which express Cre recombinase specifically in hepatocytes, were
injected via tail vein with AAV8-scFv-E06 or a control AAV8 expressing green
fluorescent protein (AAV8-GFP). Viral transduction resulted in incorporation of the
scFv-EQ6 vector predominantly in the liver, and to some extent in adipose tissue,
kidney, and spleen, while it was not detected in the heart or lungs (Figure 1B).
Messenger RNA and protein expression of scFv-E06 was restricted to the liver,
demonstrating that expression was dependent on cre-recombinase (Figure 1C,
1D). Interestingly, scFv-E06 protein was secreted into the plasma with detectable

levels as early as 10 days after AAV administration (Figure 1J).

AAV8-mediated hepatic expression of scFv-E06 had no observable effect
on total body weight, and liver, gonadal adipose tissue, heart, kidney, or spleen
mass (Figure 2A-F). There were also no differences in levels of ALT (Figure 1E)

and AST (Figure 1F) in plasma, or esterified (Figure 1G), free (Figure 1H), and
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total cholesterol (Figure 11) in livers of mice given AAV8-scFv-E06 compared to

AAV-GFP controls. Taken together, these data demonstrate that AAV8-mediated
hepatic expression of scFv-E06 in mice leads to accumulation of scFv-EQ06 protein

in the liver and plasma without inducing overt physiological changes.

Using a high fructose, palmitate, and cholesterol (FPC) diet supplemented
with 4.2% sugar water (55/45% glucose/fructose) we establish a progressive
model NAFLD defined by distinct stages of hepatic steatosis and subsequent
inflammation and fibrosis (708). These stages were evident in histopathological
assessment of livers from mice fed FPC-diet compared to chow-fed controls
(Figure 2G-J). This allowed us to assess the impact of scFv-E06 expression at

different stages of NAFLD progression.



23

A AAVS-EO6
(e e 1oF > mye et} igETEd o |
(l) 6W<|aeks
' |
Injection Experiment
Y ( End
— o = N AN
; S i SR

gDNA 5 s R
scFv-E06
C Liver Adipose Heart Lung
mRNA '
scFv-E06 _
D Liver
VinCUIin e T —— — — —— — — —
124 kDa
- - . <-non-specific
scFv-E06 »
33 kDa ‘ ; - <-non-specific
AAV8-GFP AAV8-scFv-E06
Total
E F G Esterified H Free Cholesterol
’éi 0.124 s 1.5 ns 1.5 ns
- = 2 0.09
< < 3
=) =) s 1.0 1.0
= 'u_) 20 E’ 0.06 05 05
< < 10 3 0.03 ' '
o
S 0.00 0.0
QL QL Q L
; SN R
Q Q Q
N W Y
J Days post injection
4 6 8 10 12 14 35 43
IgG Heavy
X = F —F —F — Shagitu:nl
50 kDa
Plasma
- W | scFv-E06
- *+"33kDa

Figure 1. Virus-mediated gene transfer for cre-dependent expression of

scFv-E06 in a murine model.



Figure 1. Virus-mediated gene transfer for cre-dependent expression i‘;
scFv-E06 in a murine model.

(A) Schematic of experimental design. Mice were injected via tail vein with AAVS8-
EO06 or AAV-GFP and fed chow diet for 6 weeks (Created with BioRender.com).
Viral transduction of AAV8-scFv-E06 were assessed by (B) PCR of genomic DNA
and (C) RT-PCR of mRNA. scFv-E06 expression in the (D) liver was confirmed via
western blotting six weeks post injection. Vinculin was used as a loading control.
There were no significant changes in (E) ALT, (F) AST, (G) esterified, (H) free, and
(1) total liver cholesterol between scFv-E06 and GFP expressing mice (AAV8-GFP
— n=5; AAV8-E06 — n=6). (J) scFv-E06 was detectable in plasma 12 days post-
injection and remained elevated after six weeks. Non-specific IgG heavy chain

staining was used as a loading control. Statistical significance was determined by

Student’s T-test (*=p<0.05).
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Figure 2. Adeno-associated virus serotype 8 scFv-E06 and FPC diet
verification.
Mice were injected with either AAV8-GFP or AAV8-EQ6. There were no differences
in (A) body mass, or mass of (B) liver, (C) gonadal white adipose tissue, (D) heart,
(E) kidney, and (F) spleen (AAV8-GFP — n=5; AAV8-E06 — n=6). Mice injected with
AAV8-GFP were fed chow or FPC diet for 6 or 20 weeks and histopathological
assessment of (G) percent steatosis, (H) necroinflammatory foci, (I) hepatocellular

ballooning, and (J) fibrosis was performed by a clinical pathologist. Statistical

significance was determined by 2-way ANOVA (*=p<0.05, ****=p<0.0001).
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2.3.2 - Prevention of hepatic steatosis by expression of scFv-E06

To determine whether induced expression of scFv-E06 could be used as a
therapeutic approach to prevent hepatic steatosis in mice, we inoculated Speer6-
ps1T9(Alb-cre)21Mgn/ J (Alb-cre) mice via tail vein with AAV8-scFv-E06 or AAV8-GFP
two weeks before feeding mice FPC diet for six weeks to induce hepatic steatosis
(Figure 3A). After 6 weeks, we confirmed expression of myc-tagged scFv-E06 in
the liver by Western blot (Figure 3B), and mRNA by qRT-PCR in the liver (Figure
4A) and confirmed detectable titers of scFv-EQ6 in the plasma by ELISA (Figure
3C). scFv-E06-expressing mice exhibited no difference in weight gain compared
to GFP-expressing mice over six weeks (Figure 4B); however, scFv-E06
expression reduced body fat percentage starting at four weeks on FPC diet (Figure
4C). FPC diet feeding increased liver and adipose mass; however, there was no
difference in organ mass between GFP and scFv-E06 expressing mice (Figure 4D-
). Histological assessment of liver sections by H&E or Qil red O staining revealed
that treatment with AAV8-scFv-E06 reduced hepatic tissue damage and lipid
accumulation compared to GFP controls (Figure 3D). Hepatic triglyceride levels
were significantly reduced in scFv-E06-expressing mice and negatively correlated
with hepatic mRNA expression of scFv-E06 (Figure 3E,F). Moreover, plasma ALT
(Figure 3G) and AST (Figure 3H) levels were significantly decreased in mice
expressing scFv-E06, while alkaline phosphatase, cholesterol, low-density and
high-density lipoprotein cholesterol, plasma triglycerides, albumin, and total

protein were unchanged (Figure 4J-R). These data demonstrate that AAVS8-
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mediated expression of scFv-E06 protects mice from diet-induced hepatic lipid

accumulation and liver damage.

Previously published studies have demonstrated that constitutive scFv-E06
expression reduced overall plasma reactivity with IgM E06(22, 24), indicative of
reduced OxPC levels in plasma. However, the identity of OxPC species that are

reduced by scFv-E06 expression, and the degree of reduction remains unknown.

To identify OxPC species that are affected by scFv-EQ06 in plasma, we used
an in silico platform, LPPTiger (109), to predict structures of possible oxidation
products that can be generated from oxidation of 1-palmitoyl-2-arachidonyl-sn-
glycero-3-phosphocholine (PAPC) and 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (PLPC). We then validated predicted OxPC species by ESI-LCMS
using air- or copper (I) chloride-oxidized PAPC (OxPAPC) and PLPC (OxPLPC)
(Figure 5A, B), which resulted in validation of 48 PAPC- and 35 PLPC-derived
oxidized individual analytes or groups of isobaric compounds (Figure 3I,J). Next,
we assessed the presence of validated compounds in the plasma of GFP- or scFv-
E06-expressing mice after six weeks on FPC diet (Figure 5C, D). We identified 23
individual OxPC species and isobaric groups containing OxPCs, and 6 non-
oxidized PC and lyso-PC species in mouse plasma. Levels of non-oxidized PCs
and lyso-PCs were not different in GFP- and scFv-E06-expressing mice; however,
all identified OxPC species, including truncated and full-length OxPCs, were
markedly decreased in plasma of mice expressing scFv-E06 (Figure 3K). A similar
pattern was observed in the liver; however, the differences in OxPC species were

less pronounced between the two groups (Figure 4S).
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In the plasma, the truncated and full-length OxPCs that were significantly

decreased in scFv-EQ06-expressing mice included several previously described
biologically active compounds containing specific functional groups: among
decreased truncated OxPC species were y-keto/hydroxy OxPCs (m/z 650) (36,
37), the aldehyde-containing 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-
phosphocholine (m/z 594, POVPC) (28), the 4-carbon aldehyde 1-palmitoyl-2-(4’-
oxo-butanoyl)-sn-glycero-3-phosphocholine (POBPC, m/z 580) (68), the 8-carbon
aldehyde 1-palmitoyl-2-(8’-oxo-octanoyl)-sn-glycero-3-phosphocholine (m/z 636),
the 9-carbon aldehyde 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-
phosphocholine (m/z 650) (110, 111), as well as carboxylic acid-containing 1-
palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC, m/z 666)(111, 112)

(Figure 3K).
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Figure 3. Virus-mediated hepatic expression of scFv-E06 prevented

development of diet induced hepatic steatosis.



Figure 3. Virus-mediated hepatic expression of scFv-E06 prevent;;
development of diet induced hepatic steatosis.

(A) Schematic of experimental design. Mice were injected via tail vein with AAVS8-
EO06 or AAVS8-GFP 2 weeks prior to the start of 6-week FPC-diet challenge
(Created with BioRender.com). (B) scFv-EO6 protein expression in mouse liver
eight weeks after injection. (C) scFv-EQ6 titer concentrations were estimated in
plasma by competitive sandwich ELISA. (D) Hematoxylin and eosin and Oil Red
O staining revealed decreased hepatic lipid burden in mice expressing scFv-E06
and was confirmed by (E) quantification of hepatic triglycerides (GFP — n=6, scFv-
EO06 — n=5). (F) Hepatic triglyceride concentrations negatively correlated with
hepatic mRNA expression of scFv-E06 (scFv-E06 — n=5). scFv-E06 expression
protected mice from diet-induced liver toxicity resulting in significantly lower (G)
ALT and (H) AST (GFP — n=6, scFv-E06 — n=6). (I) Schema demonstrating
strategy for mass spectrometry method development and validation. (J) 48
analytes/isobaric groups from PAPC and 35 analytes/isobaric groups from PLPC
were validated. (K) Both truncated and full-length OxPC species were significantly
reduced in mice expressing scFv-E06 (GFP — n=7, scFv-E06 — n=6). Statistical

significance was determined by 2-way ANOVA, Spearman’s Rank Correlation, and

Student’s T-test (*=p<0.05).
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Figure 4. Characterization of mice treated with AAV8-scFv-E06 after six
weeks of FPC diet.



Figure 4. Characterization of mice treated with AAV8-scFv-E06 after s?)?z
weeks of FPC diet.

Speer6-ps1T9Ab-cre)2tMan/ | mice were injected with AAV8-GFP or AAV8-scFv-E06.
Two weeks after injection, mice were fed FPC diet for six weeks (FPC AAVS-
GFP, n=7; FPC AAV8-E06, n=6). (A) scFv-E06 mRNA expression was
significantly increased in mice injected with AAV8-scFv-E06 (AAV8-GFP — n=6;
AAV8-E06 — n=6). (B) Body mass (FPC AAV8-GFP, n=7; FPC AAV8-E06, n=6)
and (C) body fat percentage (FPC AAV8-GFP, n=6; FPC AAV8-E06, n=6) were
recorded weekly. While there was no difference in body mass, there was a
significant decrease in body fat percentage between FPC diet-fed mice
expressing scFv-E06 compared to mice expressing GFP after four weeks on diet.
There was significant increase in body fat percentage between chow fed and
FPC diet-fed mice after six weeks. After six weeks, mouse plasma was collected,
and hepatic function and lipid profile were measured. (D-lI) There were no
significant differences in organ mass between AAV8-GFP and AAV8-scFv-EQ6 in
either chow-fed or FPC-fed mice (FPC AAV8-GFP, n=7; FPC AAV8-EQ6, n=6).
There was no significant difference in (J) alkaline phosphatase, (K) cholesterol,
(L) LDL cholesterol, (M) HDL cholesterol, (N) LDL/HDL ratio, (O) cholesterol/HDL
ratio, (P) triglycerides, (Q) albumin, and (R) total protein in the plasma of FPC
diet-fed mice expressing scFv-E06 compared to GFP-expressing mice (AAV8-
GFP — n=6; AAV8-E06 — n=6). (S) Truncated and full-length OxPCs extracted
from liver tissue demonstrate a similar pattern to that observed in the plasma.

Statistical significance was determined by 1-way and 2-way ANOVA and

Student’s T-test. Multiple comparisons were corrected by Dunnet or Tukey



multiple comparisons correction (*=p<0.05, **=p<0.01, ***=p<0.001,
****=p<0.0001). Statistical outliers were excluded based on the ROUT test

(Q=5%).
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Figure 5. Oxidation and detection of oxidation products of PAPC and PLPC.
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Figure 5. Oxidation and detection of oxidation products of PAPC and PLPC.
Oxidized phospholipids were prepared for LCMS by in vitro oxidation. (A) PAPC
was oxidized by air for 7-10 days. (B) PLPC was oxidized by Fenton-like copper
reaction for 18 hours. (C) Schematic of chromatography for analysis mass

spectrometric analysis of oxidized phospholipids. (D) Solvent system for

separation of OxPL species by HPLC.
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Among the most significantly reduced full-length OxPC were 1-palmitoyl-2-

((E)-8’-hydroxyoctadec-12’-enoyl)-sn-glycero-3-phosphocholine (HODE-PC, m/z
776), an isobaric group with a m/z of 798 containing 1-palmitoyl-2-
((5E,8E,11E,14E)-4’-hydroxyicosa-5’,8’,11’,14’-tetraenoyl (HETE-PC) (7113), and
an isobaric group with a m/z of 830 containing isoprostane-PC (5, 174) (Figure
3K). The structures of the identified compounds with the corresponding m/z values

are represented in table S1.

Together, these data demonstrate that AAV8-dependent hepatic
expression of scFv-EQ6 results in its secretion into the plasma, decreased plasma
levels of defined OxPC species, and protection from diet-induced hepatic.
Remarkably, scFv-E06 showed specificity towards OxPCs, but not non-oxidized
phospholipids, recognizing a variety of oxidation-specific functional groups that are

associated with previously reported biological functions (7, 775).
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2.3.3 — OxPCs requlate hepatocyte gene expression and mitochondrial

bioenergetics

These data imply a role of OxPCs in the development of hepatic steatosis;
however, it is unknown if hepatocytes recognize and respond to OxPCs. To
investigate if OxPCs regulate hepatocyte function, we treated a murine hepatocyte
cell line (AML12) with a mixture of full length and truncated OxPCs (OxPAPC) (28)
for four hours and analyzed changes in gene expression by ribonucleic acid
sequencing (RNA-seq). OxPAPC regulated the expression of 1,367 genes in
AML12 hepatocytes (fold change > 1.5, FDR < 0.05), of which 782 were
upregulated and 585 were downregulated compared to vehicle-treated cells
(Figure 6A, table S2). EnrichR (116, 117) gene ontology pathway analysis revealed
that OXPAPC induced pathways associated with oxidative stress, including the
“‘NRF2-mediated oxidative stress response”, the “unfolded protein response”, and
the “aryl hydrocarbon receptor signaling pathway”, as well as the “superpathway
of cholesterol biosynthesis” (Figure 7A), suggesting that OxPCs contribute to

dysregulating cholesterol metabolism, a hallmark of NAFLD (7178).

Since our data showed that levels of both truncated and full-length OxPCs
were decreased by scFv-E06, we separated OxPAPC into two fractions enriched
for either truncated or full-length OxPC species using a strong anionic solid phase
exchange chromatography method we previously described (64). Treatment of
AML12 cells with truncated OxPCs resulted in regulation of 720 genes (427
upregulated, 293 downregulated), while full-length OxPCs regulated expression of

259 (204 upregulated, 55 downregulated) genes (Figure 6B). Of those, truncated
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OxPCs uniquely regulated 78 genes (30 up/45 down) while full-length OxPCs

uniquely downregulated 2 genes (Figure 6B, table S2). Both truncated and full-
length OxPAPC upregulated genes associated with oxidative stress such as
Hmox1, Gsta1, Txnrd1, Hspala, and Hspa1b, as well as Ptgs2 (Cyclooxygenase
2) (table S2). Additionally, RT-gPCR confirmed that full-length OxPCs, truncated
OxPCs, and OxPAPC upregulated expression of Hmox1 (Figure 7D) and Pgd
(Figure 7E), while only truncated OxPCs upregulated Acly (Figure 7F), Hmgcoas
(Figure 7G), and Hmgcoar (Figure 7H). GO Biological Pathway analysis revealed
that like OxPAPC, both truncated OxPCs and full-length OxPCs induced the
‘NRF2-mediated oxidative stress pathway”, however, only truncated OxPCs
induced the “superpathway of cholesterol biosynthesis” (Figure 6C-E, Figure 7A).
Moreover, truncated OxPAPC downregulated expression of Cav1 (Caveolin 1),
which has been shown to increase hepatic lipid droplet size in NAFLD (7719-1217),
and upregulated Sic25a1, which has recently been associated with hepatic
steatosis and glucose intolerance by dysregulation of hepatocyte metabolism

(122).
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Figure 6. Truncated OxPLs shift AML12 hepatocytes to an anabol?::
metabolic programming.

AML12 hepatocytes were treated with OxPAPC (100 pg/mL) for 4 hours and
gene expression was measured via RNA-seq. (A) OxPAPC regulated 1367
genes (782 upregulated/585 downregulated — fold change > |1.5| and adjusted p-
value < 0.05, vehicle — n=3, OXPAPC — n=4). (B) Truncated OxPLs uniquely
regulated 78 genes (30 upregulated/48 downregulated) compared to 2 down-
regulated genes in full-length OxPL and 724 (381 upregulated/343 down-
regulated) in OxPAPC treatment with 242 regulated by all three treatments (196
upregulated/46 downregulated) (fold change > |1.5| and adjusted p-value < 0.05,
n=3-4). Volcano plot analysis of (C) OxPAPC, (D) truncated OxPAPC, and (E)
full-length OxPAPC revealed Hmox1 and Gsta1 were the most highly
upregulated genes in all three treatments along with genes associated with the
NRF2-mediated oxidative stress response. Slc25a1 and Cav1 were regulated in
OxPAPC and truncated OxPL treatment, but not in full-length OxPL treatment.
The same pattern was observed for genes associated with the superpathway of
cholesterol biosynthesis. Statistical significance was determined by 1-way

ANOVA and Student’s t-test. Multiple comparisons were corrected by False

Discovery Rate or Dunnet’s multiple comparison correction.
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Figure 7. Gene ontology and gene expression of AML12 hepatocytes
treated with truncated OxPAPC, full-length OXxPAPC, and OxPAPC.



Figure 7. Gene ontology and gene expression of AML12 hepatocytes treat;r;
with truncated OxPAPC, full-length OXxPAPC, and OxPAPC.

AML12 murine hepatocytes were treated with either OxXPAPC, truncated
OxPAPC, and full-length OxPAPC (100 ug/mL) for 4 hours and gene expression
was measured via RNA-seq. GO Biological processes of upregulated genes (fold
change > |1.5| and adjusted p-value < 0.05) identified by EnrichR for (A)
OxPAPC, (B) truncated OxPAPC, and (C) full-length OXxPAPC. Expression of (D)
Hmox1, (E) Pgd, (F) Acly, (G) Hmgcoas, and (H) Hmgcoar in AML12
hepatocytes were confirmed by RT-qPCR (n=4). Hmox1 and Pgd were regulated
by all three oxidized phospholipid treatments; however, Acly, Hmgcoas, and
Hmgcoar were exclusively upregulated by truncated OxPAPC. Statistical
significance was determined by 1-way ANOVA. Multiple comparisons were

corrected by Dunnet’s multiple comparisons correction (*=p<0.05, **=p<0.01,

****=p<0.0001).
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To investigate the effect of OxPCs on hepatocyte metabolism, we treated

AML12 cells with OXxPAPC or the fractions enriched for truncated or full-length
OxPCs for four hours and measured oxygen consumption rate via extracellular flux
analysis. Treatment with OxPAPC significantly decreased maximal oxygen
consumption rate (Figure 8A), which was mimicked by truncated OxPCs (Figure
8B). Impaired oxygen consumption in hepatocytes is indicative of mitochondrial
dysfunction that precedes the transition from steatosis to NASH (93, 123). To
investigate whether this metabolic dysregulation would lead to increased lipid
accumulation, we treated AML12 hepatocytes with OxPAPC, truncated or full-
length OxPCs for 48 hours, and then stained cells with Nile Red to quantify lipid
droplet numbers and size(724). Consistent with the effects on hepatocyte
mitochondrial function, OXPAPC (Figure 8C) and truncated OxPCs (Figure 8D)
increased average lipid droplet size in cells compared to vehicle, while full-length
OxPCs (Figure 8E) did not alter lipid droplet size (Figure 8F). However, both
fractions increased the number of lipid droplets per cell compared to vehicle control

(Figure 8G).
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Figure 8. Truncated oxidized phospholipids dysregulate hepatocyte
metabolism resulting in lipid droplet accumulation.



Figure 8. Truncated oxidized phospholipids dysregulate hepatocy‘tlg
metabolism resulting in lipid droplet accumulation.

(A) MST analysis of AML12 murine hepatocytes treated with OxPAPC (100
pg/mL) for four hours significantly inhibited maximum oxygen consumption in
hepatocytes (n=5). (B) Truncated, but not full-length OxPLs significantly inhibited
maximum mitochondrial oxygen consumption rate (n=5). AML12 cells were
treated with (C) OxPAPC (100 pg/mL), (D) truncated OxPAPC, and (E) full-length
OxPAPC for 48 hours. (F) Lipid droplet size and (G) number were significantly
increased in AML12 cells treated with OXPAPC and truncated OxPLs. Full-length
OxPLs increased droplet number per cell (n=4, 3 fields of view per biological
replicate). Statistical significance was determined by 1-way ANOVA and Mann
Whitney U-Test. Multiple comparisons were corrected by False Discovery Rate

or Dunnet’s multiple comparison correction (*=p<0.05, **=p<0.01, ***=p<0.001,

****=p<0.0001).
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Taken together, these data demonstrate that distinct OxPC species

differently regulate hepatocyte gene expression and metabolic function in vitro.
While both truncated and full-length OxPC regulate redox transcriptomic
programming, only truncated OxPCs regulate anabolic gene programming, such
as the superpathway of cholesterol biosynthesis, and inhibit mitochondrial oxygen

consumption resulting in increased lipid droplets.

2.3.4 - Interventional therapy to treat established hepatic fibrosis scFv-E06
intervention after development of hepatic steatosis halts disease progression to
fibrosis

To test whether elimination of OxPCs through inducible expression of
scFv-E06 during the transition from steatosis to NASH could halt the progression
to fibrosis, we first fed age-matched Alb-cre mice an FPC diet for six weeks
(Figure 9A), which established hepatic steatosis without signs of fibrosis. Then
weight-randomized mice were injected with AAV8-scFv-E06 or AAV8-GFP via tail
vein. To induce fibrosis, mice were fed FPC diet for an additional 14 weeks
(Figure 9A). Sustained scFv-E06 gene expression was confirmed in the liver
(Figure 10A) and scFv-E06 protein was detected in the liver by Western blot and
in the plasma by ELISA (Figure 9B,C) at the end of the experiment (20 weeks).
As expected, FPC diet significantly elevated body mass and body fat percentage
compared to chow control (Figure 105B,C); however, there were no differences
in body mass (Figure 10B); body fat percentage (Figure 10C); liver, adipose,
lung, heart, kidney, and spleen mass (Figure 10D-I); and fasting glucose and
insulin tolerance between AAV8-scFv-E06 or AAV8-GFP-treated mice at 20

weeks (Figure 10Q-S).
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Strikingly, intervention with AAV8-scFv-EQ6 protected mice with

established hepatic steatosis from further liver injury as evidenced by significantly
reduced plasma AST (Figure 9D), ALT (Figure 9E), alkaline phosphatase (ALP)
(Figure 9F), LDL:HDL ratio (fig. S5J), and cholesterol:HDL ratio (Figure 10K)
indicating significantly improved liver function compared to control mice. Plasma
cholesterol (Figure 10L), LDL (Figure 10M), HDL (Figure 10N), triglycerides
(Figure 100), and albumin (Figure 10P) were not changed by expression of
scFv-E06. Total hepatic triglyceride levels were not affected by AAV8-E06
(Figure 9G), however, histological analysis by hematoxylin-eosin and oil red O
staining revealed a decrease in average lipid droplet size and a concomitant
increase in lipid droplet number (Figure 9H,1) in the livers of mice expressing
scFv-E06, a pattern of lipid droplet morphology suggestive of improved liver

health (90) .

To examine if intervention with AAV8-scFv-E06 affects hepatic gene
expression in mice with established steatosis during NASH progression, we
performed RNA-seq in bulk liver tissue from mice that were treated with either
AAV8-scFv-E06 or AAV8-GFP. Strikingly, 701 genes (154 upregulated and 547
downregulated in scFv-E06 expressing mice) were differentially expressed (fold
change > 1.5, FDR < 0.05) between AAV8-scFv-E06 or AAV8-GFP-treated mice.
EnrichR and GO Pathway Analysis for Biological Processes revealed that the
most significantly downregulated GO term in the scFv-E06 expressing group was
“Extracellular Matrix Organization” indicating downregulation of genes associated

with matrix production and consequently hepatic fibrosis (Figure 9J). Additionally,
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“‘Regulation of Cell Migration”, “PDGFR Signaling Pathway”, “Cell Matrix

Adhesion”, and “Regulation of Macrophage Cytokine Production” were all
downregulated suggesting a reduced fibrotic and inflammatory tone in the liver of
mice expressing scFv-E06. Extracellular matrix protein (ECM) gene regulation
was confirmed by RT-qPCR. Overall, expression of a panel of ECM proteins was
significantly lower in livers of scFv-E06 expressing mice (Figure 11A). To assess
the extent of hepatic fibrosis in mice expressing scFv-E06, we quantified
picrosirius red staining in livers after 20 weeks of FPC diet, which revealed a
trend toward a decrease in positive staining in mice which received intervention
with scFv-E06 (Figure 9K). Liver hydroxyproline concentration was significantly
increased in GFP-expressing mice fed FPC diet for 20 weeks compared to chow
(Figure 9L) and the FPC-induced increase in hydroxyproline was attenuated by
intervention with scFv-EQ6 after six weeks on diet (Figure 9M). Taken together,
these data demonstrate that intervention with scFv-E06 in mice with established
steatosis protects mice from further diet-induced liver damage and hepatic

fibrosis.
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Figure 9. Passive genetic immunization against oxidized phospholipicﬂ
inhibits liver fibrogenesis.

(A) Schematic of experimental design. Mice were challenged with FPC diet for
six weeks. After six weeks mice were injected with AAV8-GFP or -E06 and fed
FPC diet for an additional 14 weeks (total — 20 weeks) (Created with
BioRender.com). (B) Expression of scFv-E06 in mouse liver14 weeks after
injection. (C) scFv-EO0G titer concentrations were estimated in plasma by
competitive sandwich ELISA (D) Plasma AST, (E) ALT, and (F) alkaline
phosphatase levels were decreased in mice expressing scFv-E06 (n=6). (G,H)
Hematoxylin and eosin and oil red o staining revealed no difference in hepatic
triglycerides with an (l) increased droplet size but reduced number in mice
expressing scFv-E06 (GFP —n=6, scFv-E06 — n=6, 15 fields of view per
biological replicate). (J) Pathway analysis of differential gene expression in bulk
liver tissue identified 701 genes (154 upregulated/547 downregulated) that were
significantly regulated by scFv-E06 expression (GFP - n=3, scFv-E06 - n=3 - fold
change > |1.5| and FDR < 0.05). Extracellular matrix organization was the most
significantly downregulated pathway in scFv-E06 expressing mice. (K)
representative picrosirius red staining of livers from mice expressing GFP or
scFv-E06 after 20 weeks of FPC diet. (L) Hydroxyproline concentration was
measured in liver tissue from mice fed chow or FPC diet for 6 or 20 weeks. (M)
Liver hydroxyproline concentration was decreased in mice expressing scFv-E06
after 20 weeks on FPC diet compared to GFP-expressing controls. Quantification

of picrosirius red confirmed reduced staining in scFv-E06 mice (n = 4). Statistical

significance was determined by 1-way ANOVA, 2-way ANOVA, Spearman’s
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Correlation, and Student’s T-test with Dunnet’s multiple comparisons correction

(*=p<0.05). Statistical outliers were excluded using ROUT test with a Q=2%.
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Figure 10. Characterization of mice treated with AAV8-scFv-E06 after 20
weeks on FPC diet.



Figure 10. Characterization of mice treated with AAV8-scFv-E06 after 253
weeks on FPC diet.

Speer6-ps1T9Alb-cre)21Man/ | mice were fed FPC or chow diet for six weeks. After six
weeks mice were injected with either AAV8-GFP or AAV8-scFv-E06. Mice
continued diet for a total of 20/21 weeks. (A) scFv-E06 gene expression was
significantly increased in mice injected with AAV8-scFv-E06 ((FPC AAV8-GFP,
n=5; FPC AAV8-E06, n=6). There were no significant differences in (B) body
mass or (C) body fat percentage between GFP and scFv-E06 expressing mice
on FPC or chow diet; however, there were a significant increase in both body
mass and body fat percentage between diet groups (n=10). At the end of the
experiment, plasma was collected, and hepatic function and lipid profile were
measured. (D-l) There were no differences in organ mass between scFv-E06-
and GFP-expressing mice fed chow or FPC diet (n=6). Ratios of (J) LDL/HDL
and (K) Cholesterol/HDL in plasma were significantly reduced in mice expressing
scFv-E06 compared to GFP after FPC diet feeding (n=6). (L) Cholesterol, (M)
LDL, (N) HDL, (O) triglycerides, and (P) albumin levels in plasma were not
significantly changed between scFv-E06 and GFP-expressing mice fed FPC diet
(n=6). There were no differences in (Q) 6-hour fasted glucose and (R) insulin
tolerance and (S) 18-hour fasting glucose in mice expressing GFP or scFv-E06
after 20 weeks FPC diet feeding (FPC AAV8-GFP, n=3; FPC AAV8-E06, n=4).
Statistical significance was determined by 1-way and 2-way ANOVA and

Student’s T-test. Multiple comparisons were corrected by Dunnet or Tukey

multiple comparisons correction (*=p<0.05, **=p<0.01, ****=p<0.0001).
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2.3.5 - Biologically active oxidized phospholipids are reduced by interventional
expression of scFv-EQ06 during the progression to hepatic fibrosis

To identify OxPC species that are affected by intervention with AAV8-scFv-
E06 in the plasma of mice during the progression to fibrosis, we performed LCMS
as described above, using the in silico-predicted and in vitro-validated compound
list (Figure 31,J). We identified 29 OxPC analytes or groups of isobaric compounds
and 6 non-oxidized PCs in the plasma of mice with hepatic fibrosis (Figure 12A).
A similar but less pronounced reduction in OxPCs was observed in the liver of
scFv-E06 mice compared to GFP controls (Figure 11B). Additionally, there was a
slight, but statistically significant decrease in non-oxidized PCs in the scFv-E06

liver (Figure 11B).
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Figure 11. Fibrotic gene expression in mice treated with AAV8-scFv-E06.



Figure 11. Fibrotic gene expression in mice treated with AAV8-scFv-E06. 57
(A) Hepatic gene expression of fibrogenic genes were confirmed by RT-qPCR
(GFP — n=6, scFv —n=6). (B) Truncated and full-length OxPCs extracted from
liver tissue demonstrate a similar pattern to that observed in the plasma, while
non-oxidized phospholipids were significantly decreased. Statistical significance

was determined by 2-way ANOVA with Dunnet’s multiple comparisons

correction. Statistical outliers were excluded with the ROUT test (Q=5%)
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In the plasma, the majority of both truncated and full-length OxPCs were

significantly decreased in scFv-E06G-expressing mice and included several
previously described biologically active compounds containing specific functional
groups. Among decreased truncated OxPC species were the carboxylic acid-
containing 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC, m/z 610)
as well as 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC, m/z 666)
(111, 112), a group of y-keto/hydroxy OxPCs (C32H60NO10P (isobaric group
containing HOOA-PC), m/z 650); HODA-PC (1-palmitoyl-2-(9-hydroxy-12-oxo-
10E-dodecenoyl)-sn-glycero-3-phosphocholine), m/z 706); KOOA-PC, m/z 648;
C32H60NO11P (isobaric group containing HOdIA-PC), m/z 666) (36, 37), the
aldehyde-containing 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine
(POVPC, m/z 594) (28), the 4-carbon aldehyde 1-palmitoyl-2-(4’-oxo-butanoyl)-sn-
glycero-3-phosphocholine (POBPC, m/z 580) (68), and the 8-carbon aldehyde 1-
palmitoyl-2-(8’-oxo-octanoyl)-sn-glycero-3-phosphocholine (m/z 636) (110, 111)
(Figure 11A). Among the most significantly reduced full-length OxPCs were 1-
palmitoyl-2-((E)-8’-hydroxyoctadec-12’-enoyl)-sn-glycero-3-phosphocholine

(HOME-PC, m/z 776), and three isobaric species containing 1-palmitoyl-2-
(9E,12E)-8-hydroxyoctadeca-9,12-dienoic acid-sn-glycero-3-phosphocholine
(HODE-PC, m/z 774), an isobaric group with a m/z of 798, containing 1-palmitoyl-
2-((5E,8E,11E,14E)-4’-hydroxyicosa-5’,8’,11’,14’-tetraenoyl (HETE-PC) (125),
and an isobaric group with a m/z of 830, containing isoprostane-PC (5,
114) (Figure 11A). The predicted structures of the identified compounds with

corresponding m/z values are shown in table S3.



59
Selectivity of scFv-E06 for oxidized PCs was further illustrated by the fact

that expression of scFv-EQ06 specifically decreased levels of truncated and full-
length OxPC species, while none of the other lipid classes were significantly
affected, as demonstrated by comparison of the overall plasma lipidome between
scFv-E06 and GFP expressing mice after either 6 (steatosis) or 20 (fibrosis) weeks
of FPC feeding (Figure 13A). Comparing the OxPC profiles at the different stages
of disease progression not only demonstrated that individual OxPC species are
differentially affected by scFv-E06, but also indicated that levels of OxPCs may be

selectively affected during disease progression.

To study the changes in the levels of the different OxPC classes during the
progression from hepatic steatosis to fibrosis, we compared OxPC levels in control
mice (expressing AAV8-GFP) that had been fed FPC diet for 6 weeks and 20
weeks to their chow-fed counterparts. Of the non-oxidized species, PAPC and 16:0
LysoPC were decreased after 6, but not 20, weeks on diet, while PLPC, 18:0, 18:1,
and 18:2 LysoPC were increased after both 6 weeks and 20 weeks on FPC diet
(Figure 14A). Of the truncated OxPC species, levels of a subset of aldehyde-
containing OxPCs, including POVPC, were lower at both 6 and 20 weeks, while
carboxylic acid-containing and other aldehyde-containing OxPCs, including

POBPC, were increased in response to FPC diet (Figure 14A).

Full-length OxPC species were differentially regulated at different time
points. At 6 weeks, levels of 16:0/18:1[1xOH] trended to be lower compared to
chow but higher at 20 weeks. 16:0/18:2[1XxKETO] was higher at 6 weeks compared

to chow and lower at 20 weeks. Isobaric groups C44H80NO10P and
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C42H80ONO9P, which contain HETE-PCs and HODE-PCs, were significantly

higher at 20 weeks. Together, these data show for the first time that levels of
plasma non-oxidized and individual OxPC species are differently regulated at

defined stages of NAFLD progression.

Comparison of OxPCs that were affected by AAV8-scFv-EQG6 in the plasma
of mice at the initiation of hepatic steatosis (Figure 3K) and during the progression
to hepatic fibrosis (Figure 11A) revealed 28 OxPC species that were decreased in
both settings, while 1 OxPC was uniquely identified in hepatic steatosis and 7
OxPC species were uniquely detected in mice with hepatic fibrosis (Figure 13B).
Of the seven unique species identified in hepatic fibrosis, 4 were decreased by
more than 50 percent by scFv-E06. These four species include two previously
identified biologically active OxPCs: KOOA-PC and the isobaric group

C32H60NO11P containing HOdIA-PC (37).
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Figure 12. scFv-E06 expression decreases plasma OxPL levels in mice with
hepatic fibrosis.
OxPL levels were measured in the plasma by LCMS. (A) Both truncated and full-
length OxPLs were significantly reduced by scFv-E06 expression. Non-oxidized
phospholipids were unaffected by scFv-E06 expression. Statistical significance

was determined by 2-way ANOVA. Multiple comparisons were corrected by

False Discovery Rate.
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To elucidate at which stage of disease progression these identified OxPC

species may exert pathologic activity, we took a closer look at the timeline of scFv-
E06-mediated reduction of their plasma levels. The aldehyde-containing species
POVPC, POOPC, and 16:0/7:1[CHQO] were preferentially reduced by scFv-E06
after six weeks on FPC diet (Figure 14B), implying a role in the initiation of hepatic
steatosis. To test whether aldehyde-containing OxPCs affect hepatocyte lipid
storage, we treated AML12 hepatocytes with POVPC for 48 hours and assessed
lipid droplet size and number per cell. POVPC significantly increased the number
and size of lipid droplets (Figure 14C). On the other hand, carboxylic acid-
containing OxPC species (PazPC and C35H62NO11P) were affected by scFv-E06
predominantly after 20 weeks of FPC diet (Figure 14D), implying a role for these
compounds in NAFLD progression to NASH Treatment of AML12 cells with PGPC
(a carboxylic acid-containing OxPC) significantly decreased maximum oxygen
consumption rate (Figure 14E) and increased lipid droplet size and number in a
concentration-dependent manner (Figure 15A,B). Of the y-keto/hydroxy OxPC
species, the levels of KOOA-PC and isobaric group C32H60NO10P (containing
HOOA-PC) were reduced by scFv-EO06 specifically at 20 weeks of FPC diet (Figure
14F). Treatment of AML12 hepatocytes for four hours with KOdiA-PC, a
representative y-keto/hydroxy OxPC, significantly decreased maximum oxygen
consumption rate of hepatocytes in a concentration-dependent manner (Figure
14G). These data show that identified truncated OxPC species that are reduced
by scFv-E06 promote a hepatocyte phenotype in vitro that is observed in hepatic

steatosis and steatohepatitis.
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Figure 13. Untargeted and targeted lipid analysis reveal a changing oxo-

phospholipidome but no change in the overall lipidome.



Figure 13. Untargeted and targeted lipid analysis reveal a changing oxeofi
phospholipidome but no change in the overall lipidome.

The plasma lipidome of mice after (A) six (GFP — n=7, scFv-E06 — n=6) and
twenty weeks (GFP — n=10, scFv-E06 — n=10) of FPC diet were unaffected by
expression of scFv-E06. (B) Comparison of oxidized phospholipids species
detected in steatosis and fibrosis revealed 1 unique plasma oxidized
phospholipid in steatotic mice and 7 unique oxidized phospholipids in mice with
hepatic fibrosis. (C) Non-oxidized phospholipids PAPC and PLPC were
unaffected by expression of scFv-E06; though their levels were altered by FPC
diet duration (6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06
—n=6, 20-wk FPC GFP - n=10, 20-wk FPC scFv-E06 — n=10). (D) 16:0 LysoPC
(6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06 — n=6, 20-wk
FPC GFP —n=10, 20-wk FPC scFv-E06 — n=10) decreased after 6-weeks of
FPC diet feeding while 18:0, 18:1 (6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7,
6-wk FPC scFv-E06 — n=6, 20-wk FPC GFP — n=7/6, 20-wk FPC scFv-E06 —
n=7), and 18:2 LysoPC (6-wk Chow GFP —n=2, 6-wk FPC GFP — n=7, 6-wk FPC
scFv-E06 — n=6, 20-wk FPC GFP — n=6, 20-wk FPC scFv-E06 — n=7) increased
after 6 and 20 weeks on FPC diet compared to 6-week, chow-fed controls. (E)
POBPC (6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06 —
n=6, 20-wk FPC GFP — n=10, 20-wk FPC scFv-E06 — n=10) increased with
longer duration FPC-feeding but was unaffected by scFv-E06, while PONPC (6-
wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06 — n=6, 20-wk
FPC GFP —n=10, 20-wk FPC scFv-E06 — n=10) was unaffected by feeding and

scFv-E06 expression. (F) 16:0/18:1[1xOH] (6-wk Chow GFP — n=1, 6-wk FPC
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GFP —n=5, 6-wk FPC scFv-E06 — n=6, 20-wk FPC GFP — n=9, 20-wk FPC scFv-

EO06 — n=10) was decreased by expression of scFv-E06 at both 6-weeks and 20-
weeks of FPC-diet feeding, while 16:0/18:2[1xKETO] was only decreased by
scFv-E06 after six weeks of feeding (6-wk Chow GFP — n=3, 6-wk FPC GFP —
n=7, 6-wk FPC scFv-E06 — n=6, 20-wk FPC GFP — n=10, 20-wk FPC scFv-E06 —
n=8). (G) The isobaric group C42H80NO11P (6-wk Chow GFP — n=3, 6-wk FPC
GFP - n=7, 6-wk FPC scFv-E06 — n=6, 20-wk FPC GFP — n=10, 20-wk FPC
scFv-E06 — n=10) was unaffected by diet and scFv-E06 expression while
C44H80ONO9P was increased after six and 20 weeks of FPC diet. scFv-E06
expression decreased levels of C44H80NO9P after 20 weeks of FPC diet (6-wk
Chow GFP - n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06 — n=6, 20-wk FPC
GFP - n=10, 20-wk FPC scFv-E06 — n=10). Statistical significance was
determined by 2-way ANOVA with Tukey multiple comparison correction or

Student’s t-test.
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Figure 14. Bioactive oxidized phospholipids are differentially regulatss
during hepatic steatosis and fibrosis.

(A) Semi-quantitative analysis of OxPL species normalized to their chow
counterparts demonstrate a complex, pathology-specific pattern. (B) Aldehyde-
containing OxPLs, POVPC (6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk
FPC scFv-E06 — n=6, 20-wk FPC GFP — n=10, 20-wk FPC scFv-E06 — n=10),
POOPC (6-wk Chow GFP — n=3, 6-wk FPC GFP — n=7, 6-wk FPC scFv-E06 —
n=6, 20-wk FPC GFP — n=10, 20-wk FPC scFv-E06 — n=10), and 16:0/7:1[CHO]
(6-wk Chow GFP — n=3, 6-wk FPC GFP — n=5, 6-wk FPC scFv-E06 — n=5, 20-wk
FPC GFP — n=7, 20-wk FPC scFv-E06 — n=8), were decreased by scFv-E06
expression at six weeks. (C) POVPC, a representative of the aldehyde class,
increased lipid droplet size and number after 48 hours in AML12 hepatocytes
(n=4). (D) Carboxylic acid containing OxPLs were decreased by scFv-E06 after
20 weeks on diet (6-wk Chow GFP — n=3/1, 6-wk FPC GFP — n=7/4, 6-wk FPC
scFv-E06 — n=5/2, 20-wk FPC GFP — n=9/5, 20-wk FPC scFv-E06 — n=9/6). (E)
PGPC, a representative of the carboxylic acid class, decreased maximum
oxygen consumption of AML12 hepatocytes after four hours (n=8, 50 ug/mL —
n=6). (F) y-keto/hydroxy-containing OxPLs were decreased after 20 weeks on
diet (6-wk Chow GFP — n=1/0, 6-wk FPC GFP — n=5/2, 6-wk FPC scFv-E06 —
n=2/1, 20-wk FPC GFP — n=9/2, 20-wk FPC scFv-E06 — n=8/4), and (G) KOdiA-
PC, a class representative, decreased maximum oxygen consumption in AML12

hepatocytes in a dose-dependent manner (n=8). Statistical significance was

determined by Student’s t-test.
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Hepatic stellate cells are the primary cell niche in the liver that produce

fibrotic matrix in response to liver injury (126, 127). To determine if individual OxPC
species that were targeted by scFv-E06 could activate hepatic stellate cells, we
challenged LX-2 human hepatic stellate cells with OxPAPC, full-length OxPCs,
truncated OxPCs, POVPC or KOdiA-PC. Treatment of LX-2 hepatic stellate cells
for four hours with KOdiA-PC, OxPAPC or POVPC significantly decreased

maximum oxygen consumption rate of hepatic stellate cells (Figure 15C).

Previously, Hmox1 has been implicated in fibrotic activation of hepatic
stellate cells (728). We found that truncated OxPCs and OxPAPC increased
expression of the NRF2-dependent genes, Hmox1 and Gclm in LX-2 human

hepatic stellate cells (Figure 15D).
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Figure 15. Pathology-driving OxPCs regulate hepatocyte and hepatic

stellate cell function in vitro.



71
Figure 15. Pathology-driving OxPCs regulate hepatocyte and hepatic stellate
cell function in vitro.
AML12 hepatocytes treated with an increasing concentration of PGPC exhibited
increased (A) lipid droplet number per cell and size resulting in a shift toward (B)
a higher frequency of larger lipid droplets (n=4). (C) LX-2 hepatic stellate cell
oxygen consumption rate was significantly decreased by POVPC, KOdiA-PC, and
OxPAPC after 4 hours (Vehicle, n=6; POVPC, n=5; KOdiA-PC, n=5; OxPAPC,
n=6), while (D) OxPAPC and truncated OxPAPC increased expression of Hmox1

and Gclm after 4 hours (n=4). Statistical significance was determined by 1-way

ANOVA with Dunnet’s Multiple Comparison Correction or Student’s t-test.
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Taken together, these data demonstrate that expression of scFv-E06

decreases levels of individual OxPCs in plasma. FPC diet results in multivariate
changes in the OxPC lipidome which suggest complex regulation of OxPC species
in pathology. ldentified OxPC species that were decreased by scFv-EQ6, including
aldehyde-, carboxylic acid-, and y-keto/hydroxy-containing OxPCs, regulate
metabolism and gene expression in hepatocytes and hepatic stellate cells,
suggesting that they are actively involved in the initiation and progression of

hepatic steatosis and fibrosis (Figure 16A).
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Dysregulation of redox balance and metabolism Upregulation of antioxidant response and metabolic
leading to enlarged lipid droplets shift to support fibrotic matrix production

Figure 16. scFv-E06 expression protects mice from hepatic steatosis and
intervention with viral expression of scFv-E06 halts disease progression.
(Created with BioRender.com)
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2.4 - Discussion and Conclusion

Here we examined a potential therapeutic application of adeno-associated
virus-mediated hepatic expression of the oxidized phospholipid-binding antibody
fragment scFv-EOQ6 for the prevention of the initiation of NAFLD and independently,
of progression to NASH and hepatic fibrosis. We show that AAV8-mediated gene
transfer of scFv-E06 is sufficient to express scFv-E06 in a Cre-dependent manner
in the liver, which by itself leads to secretion of scFv-E06 protein into the plasma.
Expression of scFv-E06 in mice fed a chow diet did not alter normal mouse
physiology, which provided an excellent tool to interrogate the effect of OxPCs on
diet-induced NAFLD initiation and disease progression, without secondary effects
on mouse physiology or development, while providing a way to regulate dosing
and timing of expression. We demonstrated that hepatic expression of scFv-E06
prior to the start of FPC diet feeding resulted in a marked reduction in individual
OxPC species in plasma, which was sufficient to protect mice from diet-induced
hepatic steatosis. Given the efficacy of this model in eliminating plasma OxPCs
and subsequent protection from diet-induced hepatic steatosis, we leveraged the
flexibility of virus-mediated gene transfer to intervene therapeutically with scFv-
EO06 expression after the establishment of diet-induced hepatic steatosis. We
showed for the first time that in a clinically relevant intervention model, scFv-E06
expression prevented further diet-induced liver damage and hepatic fibrosis
independent of obesity and insulin resistance. Separately, scFv-E06 expression
was sufficient to reduce a variety of OxPC species in plasma. At present, it is

unclear whether reduction of OxPCs is protective in NASH pathogenesis or simply



75
a biomarker of the therapeutic effect of scFv-E06. Using mass spectrometry, we

identified individual OxPC species that are decreased by expression of scFv-E06
in mice. Identified OxPC species induced gene expression and metabolic changes
in hepatocytes and stellate cells in vitro. These data suggest that plasma OxPCs
regulate liver function uniquely at different stages of disease progression. For
instance, expression of scFv-E06 prior to the start of FPC-diet protected mice from
hepatic steatosis while intervention with scFv-E06 after established steatosis did
not reduce lipid burden in the liver. Interestingly, despite no overall decrease in
lipid burden, scFv-E06-expressing mice had smaller hepatic lipid droplets. This
may suggest that OxPCs are involved in dysregulation of cellular lipid storage vital
to initiation of hepatic steatosis but not maintenance of steatosis. Taken together,
this suggests that lowering the concentration of identified plasma OxPC species is
necessary for preventing hepatic steatosis and progression to fibrosis in a
normolipidemic mouse model of diet-induced NAFLD without genetic
lipodystrophy. Most importantly, using this approach we provide the first evidence
that therapeutic intervention after the development of diet induced steatosis with
virus-induced scFv-E06 expression halts progression to hepatic fibrosis in a

clinically relevant model of NAFLD.

The natural IgM EO6 has been shown to recognize oxidized products of
PAPC in vitro and has been used clinically to assess total plasma OxPC levels (54,
129). However, individual OxPC species that are eliminated by E06 in vivo had not
been identified. Our findings demonstrate that scFv-E06 recognizes a variety of

OxPC species irrespective of the type of oxidative modification or sn-1 position
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acyl-chain length, while not affecting plasma levels of non-oxidized lipids in vivo.

Further research is necessary to investigate binding affinities and specificity of
scFv-E06 amongst OxPC species, and to demonstrate the potency of scFv-E06
as a potential therapeutic in the context of NAFLD and other oxidative stress-

induced diseases.

Oxidized phospholipids have previously been shown to regulate numerous
cellular functions and biological processes (22-24, 34, 39, 41, 44, 64, 67, 74, 103)
. We show for the first time that individual OxPCs that are targeted by scFv-E06
activate hepatocytes resulting in upregulation of the evolutionarily conserved
NRF2-dependent antioxidant program and metabolic dysregulation. While both
truncated and full-length OxPCs upregulated genes related to oxidative stress,
only truncated OxPCs upregulated pro-steatotic anabolic pathways including
cholesterol biosynthesis. Induction of de novo cholesterol synthesis leading to
cholesterol accumulation has been shown to promote transition from hepatic
steatosis to NASH (730) and may be one mechanism through which OxPCs
promote disease progression. Furthermore, identified OxPCs inhibited
mitochondrial oxygen consumption in hepatocytes, consistent with a switch to an
anabolic cellular phenotype, and resulted in increased lipid droplet formation, a
hallmark of hepatic steatosis (90). Taken together, our findings demonstrate that
hepatocytes recognize and respond to OxPCs, and treatment of hepatocytes in
vitro with truncated OxPCs phenocopies pathological alterations in mitochondrial
bioenergetics and lipid droplet regulation seen during the development of hepatic

steatosis. Differences in regulation of the transcriptome in mice expressing scFv-
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EO06 compared to GFP during development of diet-induced hepatic steatosis, may

give key insights into the mechanisms by which OxPCs drive early metabolic

changes in hepatocytes that promote disease initiation.

Levels of truncated OxPCs containing a y-keto/hydroxy functional group
were also reduced by scFv-E06 in vivo. Several biological functions have been
described for these lipids (37, 50); however, it is unknown if y-keto/hydroxy-
containing OxPCs play a role in NASH and hepatic fibrosis. Here we show that
KOdiA-PC inhibits mitochondrial oxygen consumption and extracellular
acidification rate in hepatic stellate cells. Additionally, truncated OxPCs induced
expression of the NRF2-dependent genes Hmox1 and Gcim in hepatic stellate
cells. These data demonstrate that individual truncated OxPCs that are targeted
by scFv-EQ6 regulate hepatic stellate cell bioenergetics and gene expression and

may polarize the cells toward a redox-regulatory state.

Plasma levels of both truncated and full-length OxPC species were
significantly reduced by scFv-E06 either at the initiation of hepatic steatosis or
during the progression to hepatic fibrosis. These data demonstrate for the first time
that scFv-E06 specifically recognizes individual oxidized phosphorylcholine
phospholipids in vivo, without affecting levels of non-oxidized phosphatidylcholines
or lyso-PCs, which builds on previous studies that have demonstrated similar
specificity of EO6 in vitro (26, 131). We identified one unique OxPC species in the
setting of hepatic steatosis and seven unique OxPC species in the setting of
hepatic fibrosis that are targeted by scFv-E06. Identification of specific OxPC

species that are eliminated by scFv-E06 during the different stages of disease
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progression suggests that plasma OxPCs could serve as non-invasive biomarkers

of NAFLD severity. In human plasma, oxidized phospholipids are carried on low-
density lipoproteins and previous work has shown that the ratio of OxPCs to apoB-
100 or apo(a) correlates with cardiovascular disease, calcific aortic valve disease,
and aortic valve stenosis (56, 7132). These risk factors are assessed from
lipoprotein bound OxPCs. Our method assesses free or “unconjugated” OxPCs.
Considering the pathologic role of OxPCs in NAFLD and the dearth of viable non-
invasive biomarkers for NASH, analysis of individual “unconjugated” OxPC
species may provide an additional diagnostic metric and possible alternative to

more invasive techniques like liver biopsy.

In this study, we Ilimited our analysis to validated oxidized
phosphatidylcholine species predicted by LPPTiger (709) and identified in air- and
copper-oxidized PAPC and PLPC. Combining an in silico-based approach with in
vitro validation allowed us to assess 83 validated analytes (individual lipid species
as well as isobaric groups); however, this accounts for only a fraction of the
possible oxidation species present in vivo. Given the numerous possible oxidative
modifications that can arise as products of oxidation, many oxidized phospholipid
species are isobaric requiring additional metrics to accurately distinguish individual
species. In this study, we leverage both mass and chromatographic retention time
to distinguish between OxPC species. Consequently, isobaric species with similar
retention times were not uniquely identified. Future studies are necessary to
identify unique fragmentation patterns for isobaric species that overlap

chromatographically to confidently identify each species. Additionally, expanding
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the OxPL panel to include not only other oxidized phosphatidylcholine species, but

also phospholipids with other head groups, which have been shown to play critical
roles in diverse biological processes ranging from thrombus formation (62), to
ferroptosis (45), and apoptosis (42), is essential to understand how OxPLs regulate
complex pathologies. Currently, our method is limited to semi-quantitation of OxPL
species due to lack of deuterated and non-deuterated OxPL standards. Synthesis
of OxPL standards is necessary to directly quantify the concentration of pathology-
driving OxPLs in the plasma. Additionally, our method measures OxPCs that can
be isolated by liquid-liquid organic extraction, which likely reflects the free OxPC
lipidome as it is likely that some electrophilic lipid species bind covalently with
proteins. For example, POVPC has previously been shown to bind manganese

superoxide dismutase (24).

We demonstrate that scFv-E06 expression lowers levels of OxPCs in the
plasma, which are necessary for pathogenesis of both hepatic steatosis and
fibrosis. Furthermore, though OxPC levels are lowered by scFv-E06 expression as
measured by mass spectrometry, the mechanism through which this occurs
remains unclear. We propose two possible mechanisms which will require further
study: (1) elimination from the biological system by enzymatic activity or excretion
or (2) masking of OxPC inhibiting their biological effects. Distinguishing whether it
is necessary to lower both plasma and liver OxPC species to inhibit disease
progression as well as understanding the mechanism through which OxPC species

are lowered by scFv-E06 expression will provide a deeper understanding of the
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role of OxPC species in NAFLD pathology and guide future therapeutic

approaches.

In conclusion, our study establishes the translational potential of plasma
OxPC elimination using AAV8-mediated gene transfer of scFv-EQ06 in a clinically
relevant NAFLD model. This novel approach to target plasma OxPCs provides
multi-modal control over oxidized lipid-driven pathologies. Temporal and spatial
regulation of scFv-E06 expression will allow for exploration of previously
inaccessible OxPC-mediated biology and pathology. Finally, assessment of
plasma levels of individually identified, pathology-driving OxPC species during
NAFLD initiation and progression may lead to the discovery of urgently needed

non-invasive biomarkers.
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Chapter 3: Oxidized phospholipidome as an indicator of

comorbidities in critically ill patients

3.1 — Abstract

Critical illness is hallmarked by increased oxidative stress; however,
antioxidant therapies developed to combat elevated oxidative stress have yielded
mixed results. Therefore, understanding the composition of prooxidant species
present during settings of critical illness is essential for efficacious treatment of
disease. To identify and quantify oxidized phospholipids species produced during
critical illness, we developed a liquid-chromatography mass spectrometry-based
method to assess the composition and quantity of oxidized phosphatidyl choline
(OxPC) species present in a cohort of critically ill patients admitted to the medical
intensive care unit at the University of Virginia. We identified and quantified 19
OxPC species present in at least 20 patients (out of 91). Additionally, we
determined that grouping OxPC species by chemical and structural similarity
resulting in associations with various clinical parameters. Thus, indicating a
potential novel relationship between OxPCs and novel organ pathologies.

3.2 - Introduction

Critically ill patients frequently present with complex medical histories and
multi-organ pathologies that necessitate admission to the intensive care unit (ICU).
One underlying commonality amongst ICU all-comers is increased oxidative
stress. Numerous clinical trials have sought to reduce oxidative stress in ICU
patients using antioxidant therapies with mixed success (733). Antioxidants are a

broad class of molecules that can act at multiple levels to reduce pro-oxidizing
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environments (734). For instance, primary antioxidants like a-tocopherol (Vitamin

E) act as free-radical scavengers and break radical chain propagation (735). Other
antioxidants like deferoxamine inhibit a pro-oxidizing environment through
chelation of iron ions, which is considered a secondary means (736, 137). Other
secondary means include direct reduction of oxidized molecules and activation of
NRF2-dependent gene expression (136). At best, antioxidant therapies likely affect
numerous pathways and consequently provide a challenging pharmacological
problem when assessing their efficacy. Nevertheless, their success, however
limited, touted “health benefits,” and seemingly simple solution to restore redox

balance has perpetuated their study in many different pathologies.

While the “silver bullet” antioxidant therapy has not yet been discovered, it
is well established that critically ill patients have increased oxidative stress largely
independent of reason for ICU admission. It has previously been established that
critically ill patients have elevated thiobarbituric acid reactive substances like 4-
hydroxynonenal (4-HNE) (738). A more recent study demonstrated that ICU all-
comers exhibited positive correlation between markers of oxidative stress, lipid
hydroperoxides and carbonylated proteins, and their sequential organ failure
assessment (139). This could be partially rescued with timely intervention using
antioxidant vitamins; however, only carbonylated proteins were reduced, not lipid
hydroperoxides (739). Additionally, the lipid oxidation byproduct 4-HNE was
upregulated in the serum of patients with community acquired pneumonia on ICU
admission compared to healthy controls (740). This provides strong evidence that

oxidative stress, and more specifically oxidized lipids and their oxidation
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byproducts, may play a direct role in disease or could be used as a prognostic

biomarker to predict clinical outcome and inform treatment regimens.

Evidence strongly supports the hypothesis that oxidized lipid species may
potentiate disease progression in critically ill patients (734, 138-740). To further
understand the role of oxidized lipid species in critically ill patients, it is necessary
to better understand the complexity of the oxophospholipidome present during
illness. Here, we developed an approach to identify and quantify oxidized
phosphatidyl choline (OxPC) species present in plasma collected from a cohort of
91 critically ill patients admitted to the medical intensive care unit (MICU) at the
University of Virginia. We quantified 19 oxidized phospholipids species that were
detected in at least 20 (of 91) patient samples. Multivariate analysis of variance
revealed close associations between OxPC species grouped based on functional
group or hierarchical clustering and clinical parameters. These findings not only
suggest that the oxophospholipidome may be a useful metric to stratify patients for

medical care, but also elucidate novel pathologies in which OxPCs may play a role.

3.3 - Results

3.3.1 — Development and optimization of an LCMS method for extraction,
detection, and quantification of the oxophospholipidome in human plasma

To detect and quantify the oxophospholipidome in human plasma we further
developed a liquid-chromatography mass spectrometry approach based on work
presented in Chapter 2 (27). In brief, we predicted the possible oxidation products
of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) and 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (PAPC) in silico (109). These species
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were chosen because they contain the most abundant plasma saturated fatty acid,

palmitic acid, in the sn-1 position and the two most abundant plasma unsaturated
fatty acids, linoleic acid and arachidonic acid, in the sn-2 position (747). The
resulting oxidized lipid species were combined into isobaric groups for each parent
lipid (PLPC or PAPC). PLPC and PAPC were oxidized in vitro and the resulting
oxidized PLPC (OxPLPC) and oxidized PAPC (OxPAPC) were used as standards
to identify retention times for each OxPL species predicted in silico. Species
identified with a mass accuracy of less than 5 parts per million were considered
validated. This list was further shortened by repeating the same process using
extracted pooled human plasma and mouse plasma. Sixty-four OxPC
species/isobaric groups were detected in either the pooled human or mouse
plasma. With a target list of 64 OxPC species, we optimized ionization temperature
and voltage for different OxPC species. Full-length OxPC species were
represented by 1-palmitoyl-2-hydroperoxyeicostetraenoyl-sn-glycero-3-
phosphocholine (HPETE-PC) (Figure 17A). Truncated OxPC species were
represented by the deuterated OxPL standard 1-palmitoyl-2-glutaryl-sn-3-glycero-
pshophocholine-d6 (PGPC-d6) (Figure 17A). Lysophospholipids and non-oxidized
phospholipids were represented by 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (16:0 LysoPC) and PAPC, respectively (Figure 17A). Capillary
temperature and ionization voltage were increased in a stepwise manner and the
area under the curve was recorded for each lipid species. From this analysis it was

determined that an ionization voltage of 3.0 kV and a capillary temperature of 275
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°C was optimal for maximum detection amongst all lipid species, with a bias toward

full-length species.

To quantify OxPC species present in human plasma, extraction efficiency
and matrix suppression were analyzed. Internal standards, PGPC-d6, 1,2-
dinonanoyl-sn-glycero-3-phosphocholine (DNPC), and 1-oleic-2-hydroxy-sn-
glycero-3-phosphocholine-d7 (18:1 LysoPC-d7) were spiked into human plasma
or methanol and extracted according to the previously reported method (27).
Additionally, these lipids were also spiked into human plasma after extraction
(matrix effect). Analysis by the established LCMS method revealed that recovery
of all three standards was significantly blunted by addition to human plasma prior
to extraction (Figure 17B). However, this was not observed if spiked into extracted
plasma (Figure 17B). This suggests that there is little to no matrix effect affecting
signal intensity and that any loss of signal could be attributed to incomplete
extraction. Consequently, using two lipid standards, one oxidized (PGPC-d6) and
one non-oxidized (DNPC), we could control for differences in extraction efficiency
between samples. Lastly, we established standard curves using commercially
available lipid standards for absolute quantification (Figure 17C). Interestingly, log-
log transformation of the standard curves revealed that there was minimal
difference between the curves corresponding to different lipid species (Figure
17C). Due to the remarkable similarity, we assumed that the average curve could
be used to closely estimate the concentration of OxPC species that were present

in human plasma, but not commercially available.
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Figure 17. Optimization of mass spectroscopy for detection of OxPLs in
human plasma.
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Figure 17. Optimization of mass spectroscopy for detection of OxPLs in
human plasma.
(A) Nebulization temperature and ionization voltage were optimized for maximum
detection of full-length (HPETE-PC), truncated and deuterated OxPL standard
(PGPC-d6), lysophospholipids (16:0 LysoPC), and non-oxidized phospholipids
(PAPC). (B) There was no suppression of signal strength for phospholipid
standards PGPC-d6, DNPC, and 18:1 LysoPC-d7; however, signal strength was
reduced when extracted in combination with human plasma and could serve as

surrogate for sample extraction efficiency. (C) Standard curves were generated

for 7 commercially available phospholipids.
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3.3.2 — Quantification of OxPC species in plasma from critically ill patients

Plasma from critically ill all-comers admitted to the MICU at UVA was
collected upon admission and processed using sodium citrate tubes to prevent
coagulation. After collection each sample was stored with 50 yM butylated-
hydroxytoluene (BHT), which acts as a radical trapping antioxidant preventing
further oxidation ex vivo. The MICU cohort included slightly more male patients
and was predominantly white with an average age of 58.17 years ranging from 18
to 88 (Table 1 & 2). On average, each clinical parameter was elevated outside the
normal range (Table 2) as expected in a cohort of critically ill patients.

OxPCs from plasma samples were extracted using the method described
previously (27). Samples were analyzed over a three-month period. To control for
inter-assay variability, lipid standards were prepared at the start of each analysis
which allowed for correction of change in signal intensity. The identified OxPC
species were quantified using the standard curves and the strategy discussed
previously (Figure 17C). The resulting OxPCs and their average correlations are
reported in Table 3. OxPC species varied from low nanomolar to low micromolar
concentrations depending on the lipid species. The non-oxidized and lyso

phospholipid concentration range is corroborated by the literature (742).



Race Female | Male | Total
African American 22% |16.7% | 18.9%
American Indian and Alaska Native | 1.1% --- 1.1%
White or Caucasian 38.9% | 40% | 78.9%
Other 1.1% --- 1.1%
All 43.3

Table 1. Demographics of 90 patients from MICU cohort.

90
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Variable Average | Standard Deviation Range
Age on Admission (Years) 58.17 18.29 18.42-88.84
Length of MICU Stay (Days) 12.76 14.91 1.23-101.01
Mass (kg) 89.25 33.98 39.85-269.4
BMI (kg/m?) 30.10 9.47 14.62-82.83
Highest Lactate (mmol/L) 3.45 3.19 0.6-18.5
Highest Creatinine (mg/dL) 2.32 2.68 0.6-20
Highest ALT (U/L) 251.59 1157.41 6-7880
Highest AST (U/L) 313.17 1312.30 11-9198
Admission BUN (mg/dL) 30.00 22.46 5-111
Admission Creatinine (mg/dL) 1.86 2.48 0.4-20

Table 2. Clinical parameters of 90 patients from MICU Cohort.

Average of clinical parameters from the MICU cohort. Body mass index (BMI),

alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea

nitrogen (BUN).
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Standard
Number Average Max
Deviation of Range
Phospholipid species of Concentration Concentr OxPL Group
Concentration (HM)
Patients (uM) ation (pM)
(uM)
— 0.014-

16:0/7:1[CHO] 84/91 0.12 0.094 0.61 e Aldehyde
POBPC 89/91 0.20 0.12 0.65 o(.)og51- Aldehyde
16:0/11:1[CHO] 89/91 0.23 0.17 11 °'$115' Aldehyde
16:0/8:0[CHO] 89/91 0.24 0.18 1.2 °'$221' Aldehyde
POVPC 91/91 0.76 0.44 3.2 0082 | Aldehyde
PONPC 91/91 23 12 6.2 04162 | Aldehyde
16:0/8:1[CHO] 22/91 0.089 0.079 0.28 0(')021;" Keto/Hydroxy
16:0/11:1[OH,CHO] 39/91 0.13 0.44 27 0'3171 * | Keto/Hydroxy
16:0/14:3[KETO,CHO] | 91/91 0.31 0.16 0.84 Obogl' Keto/Hydroxy

0.0069- Carboxylic
PGPC 18/91 0.14 0.43 19 s okt

0.007- Carboxylic
PazPC 86/91 0.20 0.84 7.8 % ox
C42H8ONO11P 15/91 0.036 0.053 0.22 Py Full-length
16:0/18:2[KETO,00H] 7/91 0.041 0.032 0.093 %%19%' Full-length
C44H8ONO10P 8/91 0.052 0.055 0.18 0(')011?' Full-length
C42H8ONO10P 54/91 0.13 0.24 16 001 | Fuitengtn
16:0/18:2[KETO] 41/91 0.13 0.18 0.9 0'8196' Fulllength
C42H82NO9P 82/91 0.26 16 15 0'(1);1' Full-length
C44H8ONO9P 88/91 0.28 0.18 0.95 o(.)ogg- Full-length
C42H8ONOYP 48/91 0.59 35 25 001 | Fuitengtn
18:1 LysoPC 91/91 10 7.2 37 0.37-37 Lyso
18:2 LysoPC 91/91 1 9.2 52 0.75-52 Lyso
18:0 LysoPC 90/91 12 8.0 37 0027 Lyso
16:0 LysoPC 91/91 80 56 290 5.5-290 Lyso
PAPC 91/91 109 408 278 122" | Non-oxidized
PLPC 91/91 212 714 488 6415;2' Non-oxidized

Table 3. Concentration of OxPC species in human plasma from MICU cohort.
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Table 3. Concentration of OxPC species in human plasma from MICU cohort.
Oxidized phospholipid plasma concentrations were quantified by LCMS. Species
were reported if above the limit of detection otherwise they were considered “Not

detected.” The reported range includes only patients where the OxPC species was

detected.
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3.3.3 — Hierarchical clustering of OxPC species reveals coregulation amongst
species based on functional groups

Identification and quantification of OxPC species present in human plasma
provided insight into the complexity of the oxophohospholipidome during critical
illness. As previously described, the MICU cohort was not limited to any defined
medical history. Consequently, the patient population represented a wide range of
pathologies and pre-existing conditions. Given this limitation, we sought to identify

OxPCs that correlate with one or many different clinical parameters or pathologies.

Previous literature indicated that biological activity of OxPCs could be
attributed to the chemical structure of individual lipids (27, 35). Additionally, we
hypothesized that formation of OxPCs containing similar functional groups may be
regulated in a manner that results in their coevolution. To test this hypothesis, we
used a hierarchical clustering analysis to group OxPC species quantified in the
critically ill patient population based on how well they correlated amongst each
other (143). After clustering, we discovered four groups that were correlated with
each other (Figure 18A). While Group 1 was a mixture of OxPC species containing
different functional groups, Groups 2, 3, and 4 contained OxPCs with similar
functional groups, respectively (Figure 18A). For instance, Group 2 contained
lysophospholipids while Group 4 contained truncated and primarily aldehyde
containing OxPCs (Figure 18A). Coevolution of structurally similar OxPC species
under oxidizing conditions implies that OxPC species generated from other parent
lipids similar to PLPC and PAPC are likely present. These undetected species

could contribute to the overall oxidative burden during critical illness.
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Using these identified groups as well as groups based on chemical similarity

we evaluated whether there was associations between the described groups of
OxPCs and clinical parameters or diagnoses. We tested for associations using
multivariate analysis of variance (MANOVA) and discovered a unique fingerprint
of association between OxPC concentration and many clinical parameters (Figure
18B). We discovered that the complete group of OxPL associated with many
clinical parameters across many organ systems including creatinine, ALT, and
AST plasma concentration as well as body weight and BMI (Figure 18B). Groups
1 through 4 which were determined agnostically as described previously also
associated with many clinical parameters. Strikingly, Group 1 and Group 4 closely
resembled truncated OxPCs in its associations (Figure 18B). This is likely due to
the overlap in lipid species between either Group 1 or Group 4 and the truncated
OxPC group (Figure 18B). Of these associations, these three groups all associate
with kidney related parameters like creatinine, chronic kidney disease, and blood
urea nitrogen. Interestingly, full-length OxPC species overlap with many of the
associations of truncated OxPCs; however, has unique associations with BMI and
body weight (Figure 18B). Aldehyde, carboxylic acids, and y-keto/hydroxy OxPCs
are subsets of the truncated OxPC group and consequently strongly resemble the
fingerprint established by the truncated OxPC group (Figure 18B). Yet, each group
has some differences which may point to specific pathological roles for each group.
Moreover, it should be noted that non-oxidized phospholipids and
lysophospholipids do not strongly associate with the same clinical parameters as

OxPCs.
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Figure 18. Functionally similar OxPCs are coregulated and correlate with

specific clinical parameters.



Figure 18. Functionally similar OxPCs are coregulated and correlate wi?lz
specific clinical parameters.

OxPC species quantified in plasma of 91 MICU patients were hierarchically
clustered. (A) Clustering revealed four distinct groups that closely correlated with
each other: Group 1 - 16:0/8:0[CHO] through PazPC; Group 2 -
16:0/14:3[KETO,CHO] through 18:0 LysoPC; Group 3 — C44H80NO10P and
16:0/18:2[KETO]; Group 4 — POVPC through 16:0/11:1[CHO]. OxPCs were
grouped according to hierarchical clustering or according to chemical structure and
association with clinical parameters was evaluated by MANOVA. (B) Group 1 and
Group 4 were associated with similar clinical parameters and largely recapitulated
the pattern observed in the truncated OxPC group. Unique association patterns
arose for each lipid group. AD — Admission diagnosis, CC — comorbidity, AddD —
Additional diagnosis in the hospital, DKA/HHS - diabetic
ketoacidosis/hyperosmolar hyperglycemic state, NSTEMI — non-ST elevation
myocardial infarction, AKI — acute kidney injury, BUN — blood urea nitrogen, AST
— aspartate aminotransferase, ALT — alanine aminotransferase, ALI — acute liver

injury, LF — liver failure, COPD — chronic obstructive pulmonary disease, BMI —

body mass index.
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3.4 - Discussion

Here, we developed an LCMS-based approach to detect, identify, and
quantify OxPC species in human plasma and can be applied to other biological
matrices. We consistently detected 19 of 64 OxPC species in a study of 91 critically
ill patients admitted to the UVA MICU. We empirically determined plasma
concentrations of 19 OxPC species that ranged from low nanomolar to low
micromolar concentrations. Additionally, we discovered that different groups of
structurally similar OxPC species associate with different sets of clinical

parameters resulting in unique fingerprints associated with each group of OxPCs.

It has been established that oxidative stress is a major component of critical
illness (738-740). Often these studies relied on 4-HNE and MDA, which are
liberated during lipid oxidation, as an indicator of oxidative stress; however,
assessment of OxPLs present during critical illness was overlooked. Given the
overwhelming evidence that OxPLs play a role in an impressively wide array of
pathologies ranging from chronic diseases like atherosclerosis, obesity, and non-
alcoholic fatty liver disease as well as acute pathologies like sepsis and acute lung
injury it is not surprising that OxPLs are present in critical illness (22, 24, 27, 28,
30, 35, 39, 40, 74, 103, 144). Due to their diverse chemical structures, OxPLs likely
play a role in many different organ systems during critical illness and
understanding what species are present is the first step towards developing

interventional therapy.

The concentration of some individual OxPLs reached micromolar levels in

plasma which far exceed physiological concentrations of known lipid mediators like
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prostaglandins and resolvins which have previously been reported in the

nanomolar range (7145, 146). Therefore, it is likely that OxPLs are biologically
active at the concentrations reported above. One limitation of our approach is that
it was limited to OxPC species that we specifically targeted. It is likely that there
are many additional OxPC species with equally high abundance present in the
plasma but unaccounted for in this study. Furthermore, one must also consider
OxPL species with different phospholipid head groups such as
phosphatidylethanolamine and phosphatidylserine which have been shown to play
an essential role in ferroptosis and apoptosis, respectively (42, 45) and were not

considered in this study.

The diverse representation of many different pathologies within the patient
cohort provided the ideal population to interrogate the relationship between
concentrations of OxPC species in the plasma and a wide range of pathologies.
Identification of associations with ALT and AST are strongly supported by previous
literature that has demonstrated a role for OxPCs in non-alcoholic fatty liver
disease (24, 27). However, novel associations like that with creatinine may point
toward a role for OxPC in pathologies related to the kidney such as acute kidney

injury or chronic kidney disease.

Previous literature has established a speculative role for OxPCs in many
pathologies. However, recent development of a transgenic mouse model and
virus expressing scFv-EQ6, a single chain variable fragment of the natural IgM,

E06 which as previously been shown to bind OxPCs has established a causal role
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for OxPCs in atherosclerosis, age-induced loss of bone density, and non-alcoholic

fatty liver disease for the first time (22, 24, 27, 106). These models now allow for
direct interrogation of the role of OxPCs in disease and disease progression. Using
the associations between OxPCs and novel pathologies discovered in the MICU
cohort as a guide, we can begin to explore the pathological role of OxPCs in these

settings.
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Chapter 4: Conclusions and Future Directions

In this dissertation, we worked to better understand the complexity of the
plasma and liver oxophospholipidome, and how individual OxPC species promote

non-alcoholic fatty liver disease pathology.

To this end, we developed a novel AAVS8 viral vector to express scFv-EQ6,
an antibody fragment that binds and neutralizes OxPC species. In combination
with a targeted LCMS-based analytical approach we were able to determine that
expression of scFv-E06 is sufficient to lower plasma concentrations of OxPC
species in a diet-induced NAFLD model. Moreover, we concluded that scFv-E06
exhibits exquisite specificity to OxPCs and does not neutralize non-oxidized or

lysophospholipids.

This strongly supports the original in vitro discovery that the complete IgM
E06 antibody has specificity for OxPCs (26). We were unable to determine whether
scFv-E06 exhibited preference for a particular OxPC species or chemical
derivatization in this study, but further optimization of this antibody fragment may

yield a suite of fragments targeted to specific OxPC species or OxPC groups.

Nevertheless, the pan-OxPC recognizing scFv-E06 AAV8 vector provided
an excellent initial tool to investigate the role of OxPCs in driving hepatic steatosis
to NASH and fibrosis. After the development of hepatic steatosis, we inoculated
mice with scFv-E06 AAVS8. scFv-E06 expression after development of hepatic
steatosis was sufficient to neutralize OxPCs, lowering their concentration in the

plasma, and protect mice from developing hepatic fibrosis and NASH. This finding
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established a direct role for OxPCs in the development of hepatic fibrosis,

independent from pre-existing hepatic steatosis. It also demonstrated the

therapeutic efficacy of scFv-EQ6 as an interventional therapy in NAFLD.

While our scFv-E06 AAV8 vector represents a promising advancement in
the field of oxidized phospholipid research. There is still much to be explored and
optimized. The vector used in this dissertation is a double-inverse orientation
vector that is dependent on cre for scFv-E06 expression. This limits its usefulness
to mouse models expressing cre. However, we have since developed a similar
construct that is not cre-dependent and that should mitigate this limitation.
Expression of scFv-E06 in disease models where OxPCs were previously
speculated to be causal agents of pathology will provide clarifying insight on the

role of OxPCs in disease pathology.

While scFv-EQ06 exhibited promiscuous neutralization of all OxPC species
in vivo, we identified unique roles for truncated and full-length OxPAPC in vitro.
Using AML12 hepatocytes, we established that truncated OxPAPC promoted a
switch in hepatocyte metabolism, resulting in a downregulation of oxidative
phosphorylation and a commensurate increase in lipid droplet size and number.
The decrease in bioenergetics and increase in lipid droplet size was unique to the

truncated OxPAPC species.

Building off work from Serbulea et. al. and Spinelli et. al., one could
speculate that similar to BMDMs, hepatocytes upregulate a redox regulatory

program to combat the electrophilic truncated OxPAPC species they encounter
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(34, 63). Indeed, RNA-seq analysis of AML12 hepatocytes revealed an

upregulation of NRF2-dependent genes and genes in the pentose phosphate
pathway (PPP). NADPH, a key cofactor for fatty acid synthase (FASN), the rate
limiting step of lipogenesis, is produced by the PPP. In addition to downregulation
of oxidative phosphorylation, which uses fatty acids as a substrate, this may

contribute to accumulation of more and larger lipid droplets.

While this work was largely focused on the effect of OxPCs directly on
hepatocytes, | would be remiss not address other cell types present in the liver that
could contribute to OxPC-mediated NAFLD pathology. Hepatic stellate cells are a
myofibroblast like cell that canonically stores retinoic acid as retinoic esters. Upon
activation these cells polarize to a myofibroblast-like state and are thought to be
the major driver of extracellular matrix remodeling during homeostatic injuries.
During chronic inflammation, like that observed in NASH, HSCs can become

chronically activated resulting hepatic fibrosis (99, 147).

Kupffer cells are the resident tissue macrophage of the liver and likely play
role in activation of HSCs and promoting an increase inflammatory tone in the liver
in response to injury. Currently, it is unknown whether OxPCs could potentiate
activation of HSCs or Kupffer cells, but it is an important question to address to

more fully understand the role of OxPCs in NAFLD.

The versatility of an LCMS-based approach to identify and quantify OxPC
species in plasma provided us with the opportunity to quantify OxPC species

present in human plasma from critically ill patients. This study provided first
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insights into oxophospholipidome complexity in critically ill patients. We were also

able to directly quantify many OxPC species providing a concentration range for
OxPCs in vivo and establishing their relevancy for human disease. More
interestingly, we were able to identify unique association patterns between
different classes of OxPCs and various clinical parameters. From this data, we
were able to identify promising new pathologies in which we can investigate

whether OxPCs play a causal role.

Our analysis was limited to OxPCs derived from PAPC and PLPC. Further
expansion of our OxPL panel to include other PC species as well as PE and PS
species will undoubtedly reveal a more complex oxophospholipidome and likely

shed more light on the role of oxidized phospholipids in disease pathology.

In conclusion, we have developed novel tools to directly assess the function
of OxPLs in vivo. With new tools in hand, we will now be able to push the boundary
or our understanding of the diverse and complex OxPL biology, and for the first

time begin to delineate what OxPL species are causal agents of pathology.
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Chapter 5: Methods

5.1 - Mice
B6.Cg-Speer6-ps1TaAb-crel21Man/ ) (Jackson Laboratories 003574) (Alb-cre) were

obtained from Jackson Laboratories (Bar Harbor, ME) and housed in the Pinn
vivarium at the University of Virginia Center for Comparative Medicine. Unless
otherwise stated, animals were maintained in pathogen-free housing with a 12-
hour light/dark cycle with ad libitum access to food and water. All animal
experiments were approved by the University of Virginia’s Animal Care and Use
Committee (Protocol #3444). To assess the impact of scFv-E06 on hepatic
steatosis 6-week-old mice were injected with either AAV8-GFP (UNC Vector Core)
or AAV8-scFv-E06 (10" genome copies/100 uL sterile PBS). Mice, 8 weeks of
age, were fed a high fructose, palmitate, and cholesterol diet (FPC diet, Teklad
TD.190142) supplemented with 4.2% glucose (Fisher D12-500)/fructose (Fisher
L95-500) water (55%/45% wiw) for six weeks. At the end of the experiment, mice
were euthanized via CO:z inhalation and cardiac puncture. To assess the impact of
scFv-E06 expression on fibrosis and whether expression of scFv-EQ06 after the
onset of hepatic steatosis could mitigate progression to hepatic fibrosis, mice, 6
weeks of age, were fed FPC diet for six weeks. After six weeks of feeding, mice
were injected via tail vein with AAV8-GFP or AAV8-scFv-E06. Mice continued FPC
diet for an additional 14 weeks at which point they were euthanized via COz2

inhalation. Control mice were fed chow diet (Teklad 7912).

5.2 - Histology

PBS-perfused liver tissue was either fixed in 10% formalin (w/v) for 24 hours and

transferred to 200 proof ethanol or cryopreserved in NEG-50™ (Richard Allan
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Scientific, 6502) and stored at -80°C. Tissue samples were processed for histology

at the Robert M. Berne Cardiovascular Research Center Histology Facility at the
University of Virginia. In brief, samples were embedded in paraffin, and 10-micron
serial sections were stained with hematoxylin and eosin, picrosirius red, or Oil red
O. Images were collected using an Olympus BX51 or Leica Thunder with TIRF
microscope operating in brightfield. Picrosirius Red counter-stained with Fast
Green was quantified using ImageJ(748) to assess stained area in 3 sections from
liver tissue each mouse. Positive staining was determined by thresholding while
blinded after exclusion of perivascular collagen: threshold settings were kept

constant for all samples assessed.

5.3 - Triglyceride assay

Hepatic triglyceride concentration was quantified using triglyceride colorimetric
assay (Pointe Scientific T7532500). Liver tissue (20-30 mg) was lysed in 400 pL
of 0.6% NaCl using Qiagen Tissue Lyser Il (30 Hz for 15 minutes). Samples were
diluted 1:4 in 0.6% NaCl and mixed with 4.4 parts chloroform (EMD UN1888/Fisher
Scientific C607-1) and 2.2 parts methanol (Sigma-Aldrich 646377-1L). Samples
were vortexed vigorously and centrifuged for 10 minutes at 3000g to accelerate
phase separation. The organic phase (500 pL) of each sample was transferred to
a new tube and dried under N2 purge. The dried organic phase was resuspended
in 200 pL of 95% ethanol (200 uL) (Fisher Scientific 04-0355-223). Samples from
mice on FPC diet were diluted 1:5 in 95% ethanol. Assay was conducted in

triplicate according to manufacturer's recommendations.
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5.4 - Plasma liver biomarkers

Whole blood was collected from mice after euthanasia via cardiac puncture and
dispensed into heparin-coated plasma collection tubes (Becton Dickinson 365985)
and stored on ice. Plasma separated via centrifugation at 2000g for 15 minutes at
4°C. Plasma was stored at -80°C. Plasma was diluted 1:1 in sterile 0.9% saline

and liver biomarkers were analyzed by UVA Clinical Laboratories.

5.5 - Cell culture
AML12 murine hepatocytes (ATCC CRL-2254) were cultured in DMEM:F12

supplemented with 10% FBS (R&D Systems S12450/Atlanta Biologicals S11150)
and 1% Anti-Anti (Gibco 15240-062) and grown at 37°C with 5% COz. Cells were
passaged when they reached 90% confluency using 0.5% Trypsin (Gibco 15400-
054). LX-2 human hepatic stellate cells (Millipore Sigma SCC064) were cultured
in DMEM supplemented with 2% FBS (R&D Systems S12450/Atlanta Biologicals
S11150) and 1% Pen-Strep (Gibco® 15140-122) and grown in Dulbecco’s
Modified Eagle Medium (Gibco 11965-092) 37°C with 5% CO2. Cells were
passaged when they reached 90% confluency using 0.25% Trypsin (Gibco 25200-
056). For all experiments using the LX-2 cell line, cells were cultured on Matrigel
(83 pg/mL) (Fisher Scientific CB-40230) for 24-hours in DMEM containing 1% Pen-

Strep prior to the start of the experiment.

5.3 - Mitochondrial and glycolytic stress test

5.3.1 - XF24 Seahorse bioenergetics assay

AML12 hepatocytes (75,000 cells/well) were plated in complete medium in XF24
cell culture microplates (Agilent 100777-004) and allowed to settle overnight. The

following day cells were treated for 4 hours with oxidized phospholipids (10 — 100
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pug/mL) in DMEM:F12 supplemented as described. At the end of the experimental

treatment, media was removed and replaced with assay appropriate medium:
Mitochondrial Stress Test Medium (Corning 50-003-PB). Oxygen consumption
was measured via mitochondrial stress test. The rate of pO2 consumption was
measured every ten minutes for a four-minute interval preceded by a three-minute
mixing and three-minute waiting interval. Oligomycin A (Sigma-Aldrich 75351)
(0.91 uM), BAM15 (Cayman Chemical Company 17811) (1.667 uM), Antimycin A
(Sigma-Aldrich A8674) (7.692 uM), and Rotenone (Sigma-Aldrich R88751G)
(7.692 uM) were used to interrogate basal, reserve, and maximum oxygen

consumption capacity.

5.3.2 - XFe96 Seahorse bioenergetics assay

AML12 hepatocytes were plated (25,000 cells/well) in complete medium in XFe96
cell culture microplates (Agilent 101085-004) and incubated for 1 hour at room
temperature before settling overnight at 37°C. The following day cells were treated
for 4 hours with oxidized phospholipids (10 — 100 pg/mL) in DMEM:F12
supplemented as previously described. After treatment, media was removed and
replaced with assay appropriate medium: Mitochondrial Stress Test Medium
(Corning 50-003-PB) and Glycolytic Stress Test Medium (Sigma D5030)
supplemented with 143 mM NaCl (Fisher S671-3) and 2 mM L-glutamine (Gibco
25030-081). Oxygen consumption was measured via mitochondrial stress test.
The rate of pO2 consumption was measured every ten minutes for a four-minute
interval for thirty minutes prior to sequential challenge with (1) Oligomycin A

(Sigma-Aldrich 75351) (1 uM), (2) BAM15 (Cayman Chemical Company 17811) (2
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puM), and (3) Antimycin A (Sigma-Aldrich A8674) (10 uM) and Rotenone (Sigma-

Aldrich R88751G) (10 pM). pO2 consumption was measured as described
previously to analyze basal, reserve, and maximum oxygen consumption capacity.
Glycolytic rate was measured via extracellular acidification rate. The rate of pH
change was measured every ten minutes for a four-minute interval for thirty
minutes prior to sequential challenge with (1) Glucose (Sigma D9434) (20 mM),
(2) Oligomycin A (Sigma-Aldrich 75351) (1 uM), and (3) 2-deoxyglucose (Sigma-
Aldrich D8375) (80 mM) to interrogate basal, reserve, and stressed glycolytic rate.

5.4 - Quantitative real-time-PCR
5.4.1 - In vitro

RNA was isolated from cells lysed in RLT lysis buffer using the RNEasy Mini Kit
(Qiagen 74106). Manufacturer's recommendations were followed for RNA
isolation. RNA quantity and purity were analyzed by spectrometric analysis. cONA
was synthesized from 250ng of total RNA using iScript cDNA synthesis kit (Biorad
1708891) according to manufacturer's recommendations. Sensimix SYBR green
(Bioline QT615-05) was used to quantify gene expression. Relative gene
expression was calculated using AACq method normalized to a cyclophilin A in

AMLA12 cells and Hprt in LX-2 cells.

5.4.2 - Ex vivo

Liver tissue was stored at -80°C in RNALater (Sigma-Aldrich R0901) until analysis.
Liver tissue was lysed using Qiagen Tissue Lyser Il (30 Hz for 15 minutes) in RLT
lysis buffer. Manufacturer's recommendations were followed for RNA isolation

using RNEasy Mini Kit. RNA quantity and purity were analyzed by spectrometric
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analysis (260/280 - >1.8 and <2.2, 260/230 - >1.8 and <2.2). cDNA was

synthesized from 250ng total RNA using iScript cDNA synthesis kit according to
manufacturer’'s recommendations. Sensimix SYBR green was used to quantify
gene expression. Relative gene expression was calculated using AACq method
normalized to beta-2-microglobulin.

Primer sequences were generated using NCBI Primer Blast and span an exon-
exon junction to ensure mRNA specificity and synthesized by Eurofins or

Integrated DNA Technologies (table S4).

5.5 - Air oxidation of PAPC
1 mg of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (PAPC) (Avanti

Polar Lipids 850459C) was dried in a 13x100 borosilicate glass tube (Corning
99445-13) with nitrogen, covered loosely with aluminum foil to allow gas exchange,
and oxidized by exposure to air for 7-12 days to generate the oxidized phospholipid
mixture, OxXPAPC. Level of oxidation was monitored by LC-MS to maintain a

consistent oxidation profile.

5.6 - Copper oxidation of PLPC
10 pg of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) (Avanti Polar

Lipids 850458) was transferred to a tube and dried under N2. PLPC was
resuspended in water containing CuCl (10.547 mM) and H202 (659 mM) and
oxidized for 19 hours at 37°C to generate oxidized PLPC (OxPLPC). OxPLPC was
extracted via liquid-liquid extraction using chloroform:methanol:water (1:1:1).
Briefly, chloroform, methanol, and water were added to a glass tube. The

extraction mixture was vortexed vigorously and centrifuged at 805g for 10 min at
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20°C. After centrifugation, the organic layer was transferred to a new tube and

dried under nitrogen. Oxidized PLPC was resuspended in methanol.

5.7 - Oxidized phospholipid quantification by LC-MS/MS

5.7.1 - OxPL extraction from Plasma

Plasma was collected from mice as described above and stored at -80°C in 50 yM
butylated hydroxytoluene to prevent ex vivo oxidation. 25 pL of plasma were added
to 1.975 mL of HPLC water (Tedia WS2211-001) in a 13x100 borosilicate glass
tube (Corning 99445-13). 2 mL chloroform (EMD UN1888 or Fisher Scientific
C607-1) and 2 mL of methanol (Sigma-Aldrich 646377-1L) containing 16.24 nM of
1-palmitoyl-2-glutaryl-sn-glycerol-3-phosphocholine-d6 (Cayman Chemical
25746) were added and vortexed vigorously. Samples were centrifuged at 805g
(20°C) for ten minutes to accelerate phase separation. The organic phase was
transferred to a new tube and 2 mL of chloroform was added to the original tube.
The extraction was repeated twice more for a total of three times. Samples were
dried under nitrogen and resuspended in 200 yL of methanol and vortexed

vigorously. Samples were transferred to sample vials for LCMS analysis.

5.7.2 - OxPL extraction from Liver

Liver tissue was collected from mice and stored at -80°C in 50 yM in butylated
hydroxytoluene to prevent ex vivo oxidation. Liver tissue was homogenized using
a Qiagen Tissue Lyser Il (30 Hz for 15 minutes) in water. Thirty-five milligrams of
tissue was used for extraction as described previously (see OxPL extraction from
Plasma). Samples were resuspended in 200 yL of HPLC butanol (PHARMCO-

AAPER 13050-03).
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5.7.3 - In silico phospholipid oxidation and method development

LPPTiger(7109) was used to predict possible oxidation products of PAPC and
PLPC. Oxidation level was set to Level 3. Maximum modification sites was set to
8, max keto was set to 8, max peroxy was set to 3, and max epoxy was set to 3.
Nine hundred and eighty oxidation species were predicted for PAPC and 67
oxidation species were predicted for PLPC. Isobaric species were combined as a
single analyte recording corresponding to the chemical formula. After combining
isobaric species, there were 180 potential analytes for PAPC and 35 potential
analytes for PLPC. Predicted analytes were validated by mass (< 5 ppm variance
from predicted mass) using PAPC oxidized by air and PLPC oxidized by copper (I)

chloride.

5.7.4 - Lipid Analysis

Oxidized phospholipids were measured using a ThermoFisher QExactive coupled
with a Vanquish UHPLC. Samples were separated by reverse phase
chromatography using a C18 Phenomenex 4.6 um x 100 mm with 69% methanol
31% water with 10 mM ammonium acetate (Mobile Phase A) and 50% methanol
50% isopropanol with 10 mM ammonium acetate (Mobile Phase B) at a flow rate
of 0.5 mL/min using the follow gradient: 0-4 min 0% B, 4-6 min 0%-17.5% B, 6-12
min 17.5% B, 12-14 min 17.5%-25% B, 14-21 min 25%% B, 21-24 min 25%-60%
B, 24-33 min 60% B, 33-36 min 60%-65% B, 36-40 min 65% B, 40-43 min 65%-
0% B, and 43-50 min 0% B. The QExactive was operated in positive mode using
parallel reaction monitoring mode with an inclusion list and the following settings:

MS? Resolution — 17,500; AGC target — 1e5; Maximum IT — 100 ms; Isolation
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window 1.0 m/z; Normalized Collision Energy — 27. Analyte detection was limited

to inclusion list within a specified retention window determined from in vitro
oxidized PAPC and PLPC. Peaks corresponding to individual oxidized
phospholipid species or isobaric groups were identified using Xcalibur (v4.1)
QuanBrowser based on mass (<5 ppm variance from predicted mass) and
validated retentions times. Peak areas were normalized to PGPC-d6. Biological
replicates were excluded from analysis for an individual analyte if the analyte was

not detected.

5.8 - Lipidomics LCMS and data analysis

The plasma lipidome was assessed using a ThermoFisher QExactive coupled with
a Vanquish UHPLC. Samples were separated by reverse phase chromatography
using an Thermo Scientific Acclaim™ 120 (C18 5 um 120 A 4.6 x 100 mm) with
50% acetonitrile, 50% water, and 0.1% formic acid with 10 mM ammonium formate
(Mobile Phase A) and 88% isopropanol, 10% acetonitrile, 2% water, and 0.02%
formic acid with 2 mM ammonium formate (Mobile Phase B) at a flow rate of 400
ML/min using the following gradient: 0-4 min 30-60% B, 4-10 min 60-80% B, 10-15
min 80-90% B, 15-24 min 90-100% B, 24-27 min 100% B, 27-27.1 min 100-30%
B, 27.1-31 30% B. The QExactive was operated in positive mode and collected
spectra using Full MS data-dependent MS? mode with an inclusion list containing
analytes in Splash® Lipidomix® Mass Spec Standard (Avanti 330707) using the
following settings: Full MS settings -- resolution — 35,000, AGC target — 1e5, Max
IT — 128 ms, scan range — 200 to 1500 m/z; dd-MS? settings -- resolution — 17,500,

AGC target — 2e5, Max IT — 64 ms, Loop count — 5, NCE — 40. Data were analyzed
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using LipidSearch (Version 4.1.16) with the following settings: Search — Database:

Q Exactive, Precursor tolerance - 5.0 ppm, Product tolerance — 8.0 ppm; Alignment
— Alignment Method - Mean, Retention time tolerance - 0.25 min. Samples were

normalized to the internal standard PGPC-d6 to control for extraction efficiency.

5.9 - In vitro quantification of lipid droplet
AML12 cells were fixed with 4% paraformaldehyde (diluted from 16%, Alfa Aesar

43368-9M) and stained with Hoescht Blue (Invitrogen™ 953557) and Nile Red
(Invitrogen™ N1142). Two images (Zeiss Axiovert 200 with QICAM Fast 1394),
one of DAPI and one of Nile Red, were taken at three locations in each well. Lipid
droplet size and quantity were calculated from epifluorescent widefield
micrographs using an ImageJ plugin, MRI Lipid Droplets(749). Lipid droplets were
identified as areas larger than five pixels. MRI Lipid Droplets ImagedJ plugin was

used to identify nuclei in DAPI staining and count total cell number.

5.10 - In vitro and ex vivo RNA-seq

5.10.1 - In vitro

AML12 hepatocytes (100,000 cells/well) were treated with OxPAPC (100 pug/mL),
truncated-OxPAPC (100 pg/m), and full-length (100 pg/mL) for four hours. RNA
was isolated using RNeasy® Mini Kit (Qiagen 74106). RNA quantity and purity
were analyzed by spectrometric analysis (260/280>1.8 and <2.2, 260/230>1.8 and
<2.2, RIN=8). cDNA libraries were generated using NEBNext® Ultra™ I
Directional RNA library Prep Kit (New England Biosciences E7760S). cDNA library

fragment size was verified using Bioanalyzer 2100. Samples were sequenced by
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the UVA Genomics and Technology core with a read length of 75bp and a target

depth of 10 million reads using lllumina NextSeq 500 Sequencing System.

5.10.2 - Ex vivo

After dissection, liver tissue was stored at -80°C in RNALater (Sigma-Aldrich
R0901) until use. Liver tissue was lysed using Qiagen Tissue Lyser Il (30 Hz for
15 minutes) in RLT Lysis buffer (Qiagen 1015762). Manufacturer's
recommendations were followed for RNA isolation using RNeasy® Mini Kit
(Qiagen 74106). RNA quantity and purity were analyzed by spectrometric analysis
(260/280 - >1.8 and <2.2, 260/230 - >1.8 and <2.2). RNA was shipped to GeneWiz
(South Plainfield, NJ). RNA was sequenced in a strand specific manner with a read

length of 150 bp and a target depth of 20-30 million reads.

5.10.3 - Data Analysis

Reads were aligned using UVA Rivanna Supercluster using Spliced Transcripts
Alignment to a Reference (STAR)(750). Reads were trimmed and aligned to the
mouse reference genome (mm10) with either single- or pair-end alignment where
appropriate. Aligned reads were counted and differential gene expression was
calculated if reads exceeded 1 read per million using EdgeR(757) and RStudio.
Genes were considered differentially expressed if they deviated from the control
condition by 50% with a p-value less than 0.05 (in vitro) or 0.1 (in vivo).
EnrichR(717) was used to identify pathways that were up or downregulated based

on differentially regulated genes.
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5.11 - MRI

Body composition analysis was performed by EchoMRI™-100H on mice prior to

the start of FPC diet feeding and weekly for the duration of feeding.

5.12 - Western Blot
5.12.1 - Tissue

Tissues were lysed using Qiagen Tissue Lyser Il (30 Hz for 15 minutes) in RIPA
lysis buffer containing cOmplete Mini protease inhibitors (Roche 37439120) and
phosphatase inhibitors (Sigma P5726 and P0044). Protein concentration was
quantified via Pierce™ BCA protein Assay (Thermo Scientific 23225). 25-75 ug of
total protein were separated by SDS-PAGE (8%-12%) and transferred to
nitrocellulose or PVDF membranes. Membranes were blocked with Intercept
Blocking Buffer (LICOR 927-70001) or 5% BSA in TBS or 5% milk powder in TBS
with 0.1% Tween20 for 1 hour at room temperature. Membranes were stained with
goat anti-myc [HRP] antibody (NovusBio NB600-341, 1:30000) or rabbit anti-
Vinculin antibody (CST E1E9V, 1:1000) diluted in 1% milk powder in TBS with
0.1% Tween20 overnight at 4°C. Next, membranes were washed in tris-buffered
saline containing 0.1% Tween20, followed by incubation 1 hour at room
temperature with HRP-conjugated secondary antibodies (1:10000 dilution in 1%
milk in TBS with 0.1% Tween20, CST), except for membranes incubated with the
goat anti-myc [HRP] antibody. Membranes were washed in tris-buffered saline
containing 0.1% Tween20 and imaged on an Odyssey Imager (LICOR

Biosciences) or incubated with ECL substrate (ThermoScientific SuperSignal
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34580) for 5 minutes at room temperature and imaged using the Amersham

ImageQuant 800.

5.12.2 - Plasma

Plasma was diluted in loading dye (150 uL/mL) and denatured at 95°C for ten
minutes. Heat denatured samples were separated by SDS-PAGE gel and
transferred to nitrocellulose membranes. Membranes were blocked with PBS
Blocking Buffer (LICOR Biosciences) and for 1 hour at room temperature and
stained with a 1:1000 dilution of mouse anti-myc antibody (Millipore 05-724)
overnight at 4°C. The blot was washed three time for 15 minutes with PBS Blocking
Buffer. The blot was stained with the secondary antibody IRDye® 800CW Goat
anti-Rabbit (1:10,000 in PBS) (Licor 926-32211) for 1 hour at room temperature
followed by three washes with Licor PBS Blocking Buffer. The resulting blot was

visualized using an Odyssey Imager (LICOR Biosciences).

5.13 - HIS/myc competitive sandwich ELISA
96-well Nunc MaxiSorp™ flat-bottom plates (ThermoFisher Scientific) were coated

with rabbit anti HIS-Tag antibody (CST 2365S, 1:250 in 1x PBS) overnight at 4 °C.
Coated wells were then aspirated and washed three times with 1x PBS (~1 min
soaking in between). After blocking for 1 hour at room temperature with 1x
ELISA/Elispot Diluent (Invitrogen, 19045636) diluted in double distilled water, wells
were washed as previously described. Plasma samples were diluted 1:20 in double
distilled water and added into the wells. For the HIS-competitive standard curve 2
Mg HIS-protein ELISA standard (stock 50 pg/mL, Cayman Chemical, 0556338)

was serially diluted in double distilled water and E06 plasma sample was added
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(1:20). The EO6 plasma standard curve was generated by serial dilution of plasma.

An HIS-protein competitive standard curve was generated by serial dilution of HIS-
tagged 4EBP1 (11.1 mg/mL). Blanks were incubated with 1x ELISA/Elispot
Diluent. Plates were sealed and incubated over night at 4 °C. Following 5 washing
steps, the detection antibody goat anti-c-Myc HRP-coupled (Novus P26, 1:5000 in
1x ELISA/Elispot Diluent) was added to the plates and incubated for 1 hour at room
temperature. After washing seven times, 1x TMB ELISA Substrate Solution
(eBioscience, Inc., EO0008-1655) was pipetted into the wells and incubated for 35
minutes. Absorbance was measured using a PlateReader (BioTek) at 450 nm and

570 nm.

5.14 - Glucose and Insulin Tolerance Tests

Intraperitoneal glucose and insulin tolerance tests were performed on fasted mice
at time points indicated. Mice were fasted for 6 hours, and body mass and basal
blood glucose measured via tail vein nick using a glucometer (CVS Health). For
GTT, 1mg/g glucose in sterile water was administered by intraperitoneal injection,
and blood glucose recorded 15, 30, 45, 60, 90, and 120 minutes after injection.
For ITT, Humulin R (100U/ml, Lilly) was diluted in sterile 0.9% saline, 0.75 U/kg
was administered by intraperitoneal injection, and blood glucose recorded 15, 30,

45, 60, 90, and 120 minutes after injection.

5.15 - Cholesterol Assay

Hepatic cholesterol was assessed using Amplex™ Red Cholesterol Assay Kit
(Invitrogen A12216). Liver tissue was weighed and lysed in 400 pL of RIPA Lysis

Buffer (EMD Millipore 20-188) using Tissue Lyser Il. The protein concentration of
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the lysate was determined by Pierce™ BCA Protein Assay (Thermo Scientific

23225). Lysates were diluted (15 pg per reaction) and analyzed in triplicate for
free, esterified, and total cholesterol according to manufacturer recommendations.
Final hepatic cholesterol concentrations were reported as pg of cholesterol per mg

of liver protein.

5.16 - Hydroxyproline assay
Liver tissue (20-30 mg) was lysed in 200 uL of HPLC water (Sigma-Aldrich 270733)

using TissueLyser Il shaking at 30 Hz for fifteen minutes. Lysates were centrifuged
at 20,817g at 4°C for 15 minutes. Supernatants were collected and protein
concentration was assessed by Pierce™ BCA protein Assay (Thermo Scientific
23225). 500 pg of protein were diluted 1:1 in 37% HCI (12.1 M) to final
concentration of 1.89 mg/mL in ~6 M HCI. The lysates were incubated at 95°C for
20 hours. After 20 hours samples were cooled to room temperature and
centrifuged at 13,0009 for 10 minutes. Supernatants were collected and diluted to
4 M HCI. Hydroxyproline content was assessed using QuickZyme Sensitive Tissue
Hydroxyproline Assay (QuickZyme Biosciences QZBTISHYP1) according to

manufacturer recommendations.

5.17 - Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9. Data are represented
as the mean % standard error of the mean. Statistical tests were applied as
described in the figure legends. Statistical outliers were identified using ROUT

method (Q = 2 or 5%) and excluded from analyses.
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Supplemental Table 2. Gene expression of AML12 hepatocytes treated with
truncated OxPAPC, full-length OxPAPC, and OxPAPC. Gene expression
represented as log2 of the fold change compared to vehicle. Genes regulated
single treatment are highlighted in orange (truncated OxPAPC), blue (full-length
OxPAPC), and purple (OxPAPC).

Gene Symbol Truncated

2410131K14Rik 0.77
2810417H13Rik -0.77

3110043021Rik

Abca8b 25
Abcb6 2.03
Abcc 1.9
Abcc2 3.72
Abcc4 1.53
Abcch 1.03

Ablim1
Abr
Abtb1

Acot2 1.01

len

Full
th

143 2.74
135 1.77
158 2.02
2.81 408
1.37 1.71

1.04

- 1.38

OxPAPC

Acox2

1.12 - 1.72

Actg1
Actn1
Adamts1
Adamts6

Adamts9

-0.72 - -0.95
-0.78 - -0.72
-1.17 -1.36 -
-1.5 -1.58 -1.5
-1.73 -1.22 -1.73

Adh7
Adprm
Adrala
Adrm1

Ahnak2
Ahr
Ahsa1

Ahsa2

2.75 1.86 1.86
1.08 - 1.31

2.56 1.79 25

0.81 - 1.13
1.14 0.81 1.16
-1.54 -0.92 -1.52
0.79 - 0.84
142 0.77 1.39

Akap12 -0.86 -0.99
Akap8| 0.79 1.05
Akric14 23 1.37 1.73
Akr1c19 3.31 2.39 3.16

0.91 0.81

Aldh1a1 227 1.5 1.7

Aldh3a2

Als2

0.83

0.75 - 0.79
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Amotl2 -0.86
Ampd3 3.35
Angptl4 -0.97
Ankrd1 -0.98
Bach1 1.01

Bag3 1.42
Bahcc1 —_

BC005537 0.71
BC025446 -0.88

Arhgap8

Arrdc2 . . Cachd1 2.24 1.67
Cacnath -— -1.03

Asns

Calcoco1 1.15 -—
Calr3 2.88 2.24




Camkk2 -0.89 -— -1.16

Card10 -0.75 -1.45

Cdk2
Cdk6

Cdkn2b

Ccbe1
Ccdc117

0.99

-1.12

Chordc1 0.82
Chpf2 1.39
Chrnb2 —

Cdc42ep2 1.79 1.56 1.69




Cxcl5
Cyb5a

Cyp1lai
Cyp2j6

-2.09

-1.17
1.63

-1.18

DIk2 -1.04 - -1.98
Dna2 -1.13 - -1.22
Dnaja1 1.2 0.88 1.63
Dnaja4 1.51 0.99 274
Dnajb1 1.38 0.99 2.96
Dnajb2 1.47 0.84 141

Dnajb4 1.96 1.6 223

|onapo |- 14s |

Dnajc27 -1.16 - -1.15
Dnase2a 1.46 1.19 14




E2f8
E330009J07Rik

Eepd1

Efnb1
Efnb2

Egr1
Eid3

Eif4ebp1

Enpp1

-0.83

-0.88

-0.68

-2.38
1.82

-0.84

Ero1lb
Errfi1
Esd

Ets1
Exo1
Ext1

F2ri1
F3

Faap100

Fam102b

Fam13a
Fam21
Fam214b
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Supplemental Table 4. Forward and reserve primer sequences for cDNA and
genomic DNA amplification.

Gene Species _Prlme_r Sequence
orientation
Hmox. Mus Forward ACAGCCCCACCAAGTTCAAA
musculus Reserve TCTGCAGGGGCAGTATCTTG
Gelm Mus Forward TGGAGCAGCTGTATCAGTGG
musculus Reserve AGAGCAGTTCTTTCGGGTCA
Pgd Mus Forward CTCCTCGACTCTGCTTCGTC
musculus Reserve CGGCATCTTCTTGTCGTGTC
Acly Mus Forward TGATGGGAGAAGTTGGGAAG
musculus Reserve ATCAGCTCGGGACTCAGAAA
Hmgcoas Mus Forward ACAAGCCTGACATGCTCTCC
musculus Reserve TTCAGGAACATCCGAGCTAGA
Hmgcoar Mus Forward TCTTGTGGAATGCTCTGTGA
musculus Reserve AAGCTCTAGGACCAGCGACA
Adamts|2 Mus Forward ATGTGAGCCCATTGGCTGTG
musculus Reserve TCGGTACTTGACCACTGTGC
Timp2 Mus Forward ATGGCAACCCCATCAAGAGG
musculus Reserve TGGGACAGCGAGTGATCTTG
Timp1 Mus Forward TCGGACCTGGTCATAAGGC
musculus Reserve GTACGCCAGGGAACCAAGAA
Mmp2 Mus Forward GTGTTCTTCGCAGGGAATGAG
musculus Reserve GATGCTTCCAAACTTCACGCT
Itgas Mus Forward ACACGTTCCTCAAGAGAAAGAA
musculus Reserve GGAGTGGCCCAAATAACCGA
Coll5al Mus Forward CTGTCCACTTTCCGAGCCTTT
musculus Reserve AAAGCACTTGGCCCTTGAGA
Col8al Mus Forward GGCAAAGAGTACCCACACCTACC
musculus Reserve GACCTTGTTCTCCGCGCAAACTG
Colda? Mus Forward TCGTTCAGCCAGGTTGCATT
musculus Reserve AAAGCCCTTGAGCCCTTGTT
Col5a2 Mus Forward TGGGGACTGATGGTACACCT
musculus Reserve GGATCACCCGATTGTCCTCG
Adams Mus Forward TGAACAAGCAGCGTCTACGA
musculus Reserve CTGGGAGTGGTGAACTGGAC
Fgfrl Mus Forward TCCCTGTGGAAGTGGAGTCT
musculus Reserve GCTACAGGCCTACGGTTTGG
Tofbri Mus Forward GGCGAAGGCATTACAGTGTT
musculus Reserve TGGTGAATGACAGTGCGGTT
Itgag Mus Forward GCTCTCGCTGTAGCCCATC
musculus Reserve ACCCACGAGGACCCAGC
Col6al Mus Forward AGGGCTACAAGGAACCATGC
musculus Reserve TTTCCTCGCTCCCCCTCATA
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Tgfbor2 Mus Forward CCAAGTCGGATGTGGAAATGG
musculus Reserve TGTCGCAAGTGGACAGTCTC
Colldal Mus Forward TGAAGCACCCACAGCCATAG
musculus Reserve TCCAGGCACCATAACCACTTC
Itgal Mus Forward TCAGTGGAGAGCAGATCGGA
musculus Reserve CCCACAGGGCTCATTCTTGT
Adamo Mus Forward GGGCCGACGTATAATGCAAAG
musculus Reserve CAGGTGGCGGTCTGGAG
CypA Mus Forward CGATGACGAGCCCTTGG
musculus Reserve TCTGCTGTCTTTGGAACTTTGTC
B2m Mus Forward ATTCACCCCCACTGAGACTG
musculus Reserve TGCTATTTCTTTCTGCGTGC
Hmox1 Homo Forward AAGACTGCGTTCCTGCTCAAC
sapiens Reserve AAAGCCCTACAGCAACTGTCG
Gelm Ho_mo Forward GCGAGGAGCTTCATGATTGT
sapiens Reserve TGTGCAACTCCAAGGACTGA
Hprt Ho_mo Forward AGGCGAACCTCTCGGCTTTC
sapiens Reserve CAAGACGTTCAGTCCTGTCCATA
SCEV-E06 N/A Forward GTACTGCTGCTCTGGGTTCC
Reserve CACTGGCCGTGCAACTAATG
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