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Abstract
Proper contractile function of the heart is central to life. At the cellular level

availability of ATP to allow for proper contraction within the cardiomyocyte is required to
ensure that synchronous beating occurs. Generating this ATP and maintaining a sufficient
pool is necessary to keep this required physiological process running.

In the first part of this dissertation, we explore a novel role for pannexin 1
(PANX1) in regulating cardiomyocyte glycolytic metabolism and how the deletion of the
channel in cardiomyocytes impacts disease onset during non-ischemic heart failure. We
find that deletion of PANX1 in cardiomyocyte shifts cells to a hyper-glycolytic state at
baseline and further simulation with a beta-adrenergic agonist does not raise glycolytic
bioenergetics as observed in control cells. Additionally, we determined that
cardiomyocyte specific deletion of PANX1 protects mice against isoproterenol induced
hypertrophy and significantly decreases neutrophil infiltration into the myocardium.

In the second part of this dissertation, we seek to understand how
oxidized lipids regulate the heart in a murine model of HFpEF induced by high fat high
sucrose (HFHS) feeding. We determine that using a liver-inducible AAV8 to drive scFv-
EO6 expression we lower plasma oxidized phospholipids after HFHS feeding. Additionally,
we find that scFv-E06 protects mice from cardiac and metabolic dysfunction induced by
HFHS feeding. Finally, we explore potential mechanisms by which this may be occurring
and that scFv-E06 expression may protect by different mechanisms in a sex-dependent

manner.



In conclusion, this work identifies novel regulators of cardiomyocyte
metabolism and injury response in multiple murine models of heart failure. These
findings reveal novel therapeutic targets which may fill gaping holes in clinical heart

failure treatment.



Chapter 1 - Introduction:
1.1 Cardiomyocytes and other functional cells of the heart: Cardiomyocytes are the
function cell of the heart serving as the contractile force used to produce the heartbeat
and pump blood throughout the circulatory system. Cardiomyocytes are a specialized type
of muscle cell which relies on the influx and efflux of calcium to cause the contraction of
actin/myosin filaments in a concerted effort!2. Individual myocytes are linked in multiple
manners including through the nervous system and as well as through gap-junctions
which together allow the synchronous beating of the myocardium3. The nervous system
innervation of the sino-atrial and atrial-ventricular nodes acts as conduction points to
synchronize the pumping action between the chambers of the myocardium, while the gap
junctions allow for communication between individual myocytes which propagates the
contractile signals?3. The sequence of different chambers being activated to pump creates
the characteristic lub-dub of the heart-beat, but the individual cellular communication
creates the concerted effort which provides enough force to move blood through the
system.

Inside the cardiomyocyte there is a unique sarcomere structure that contains the
actin thin filaments and myosin thick filaments. The thick filament contains: myosin Il
which is the predominate isoform in healthy cardiac muscle; titan which acts as template
for the sarcomere; and myosin binding protein- C which is proposed to modulate the
interaction between myosin and actin>*. The thin filament contains the actin filament
which is interspersed with troponin T and troponin | in cardiomyocytes, additionally

tropomyosin present in this filament protects the myosin binding sites on the actin



filament. Influx of calcium activates troponin and causes a conformational change in
tropomyosin exposing the binding site for the myosin head on the thick filament®. When
the myosin head is exposed, it hydrolyzes ATP to ADP + P; which bind to myosin in the
formation of the actin-myosin cross bridge structure. Binding of actin and myosin liberates
the ADP + P;jallowing for the reorientation of the myosin head to the center of the
sarcomere which causes the power generation of contraction. At this point myosin is
released from the actin filament and rebinds to unhydrolyzed ATP2.

In disease contraction can go awry in multiple ways including a deficit of ATP and
the composition of the thick filament proteins. As this process relies so heavily on ATP,
without sufficient energy sources proper contractile forces cannot be generated and the
heart fails to beat with appropriate regularity or force®. Furthermore, each of the proteins
included in this contractile mechanism has multiple isoforms which have different
affinities for their ligands and binding partners. For examples B-myosin, which is the
predominant form in the healthy adult heart also has an a-myosin isoform which is more
predominate in most diseases characterized by cardiac dysfunction’.

While cardiomyocytes make up 90% of the cell volume of the myocardium, by cell
number they only account for 30-40% of cells present®. Endothelial cells, fibroblasts, and
resident immune cell populations account for the majority of the remaining cells®”.
Endothelial cells line the capillary network which innervates the densely-packed
cardiomyocytes. This network is responsible for oxygen delivery locally, as well as passage
of fuel sources and transport of damage signals released into the extracellular

environment by cardiomyocytes!®. Moreover, the endocardial surface (the inside surface



of the ventricle) is lined with a layer of endothelial cells which contacts the inner-most
layer of cardiomyocytes as well as the blood which is pumped through the ventricle!®.
Endothelial cells in the capillary are central to maintaining proper contractile function in
the adult myocardium. Previous work demonstrated that without endothelial cells in the
myocardium, cardiomyocytes had reduced responsiveness to intracellular Ca%
concentrations and behaved as though they had decreased resting muscle length?°.
Fibroblasts are present between the cardiomyocytes and provide structure as well
as secreted factors to the myocardium®'213, Fibroblasts secrete a careful balance of
extracellular matrix proteins such as collagens and fibronectin to provide structure and
space between cardiomyocytes, as well as matrix metalloproteinases, to degrade
extracellular matrix and prevent build-up of fibrotic tissue. While fibroblasts have a basal
level of activity, they can also be further activated into the myofibroblast like state.
Fibroblasts shift to this activated state in response to stimuli including cytokines, excess
mechanical stress, and damage signals such as ATP and other purinergic signals. In this
state, collagen production and excretion are increased often to serve as a replacement to
myocytes which have undergone apoptosis or necrosis. While this replacement fibrosis is
necessary to prevent cardiac rupture, it becomes pathological when the fibrosis between
myocytes prevents proper myocyte-myocyte communication causing desynchrony of the
contractile forces!*. Additionally, the type of collagen, collagen 1 instead of collagen 3,
which is excreted changes the mechanical properties of the myocardium causing the heart
to work harder and decreasing contractile efficiency®®. Cardiac fibrosis is a major hallmark

for a variety of diseases, including heart failure, but attempts to modulate the fibrotic



content of the heart with therapies has not improved patient outcomes. In a clinical trial
using pirfenidone, an antifibrotic compound which reduces growth factor and procollagen
production, patients with HFpEF showed improvement in ECM-volume but not left-
ventricle cardiac function parameters after 52 weeks of treatment compared with placebo
controls?®. While this demonstrates that antifibrotic therapy has potential for patients
with HF, these trials further indicate the need for improved antifibrotic compounds.
Finally, the myocardium has a resident immune cell population which consists
mainly of monocytes, though some low level of B and T-cells are also present®°. Resident
immune cells in the heart are characterized by their CCR2" marking compared with CCR2*
infiltrating populations®. These cells are responsible for patrolling and contending with
low levels of inflammatory stimuli, such as small amounts of cell death or progression of
stress signals from myocytes for short periods of time. In addition, it has been shown that
these cells are necessary for proper electrical coupling and general maintenance of the
myocardium?’. CCR2-monocytes are capable of proliferation in response to larger damage
signals as well as release of pro-inflammatory cytokines to recruit circulatory monocytes
to the site of injury®19,
1.2 Cardiomyocyte Metabolism in Disease: Proper contractile function of the heart
requires, at the level of the cardiomyocyte, sufficient cellular energy in the form of
accessible ATP. Adult cardiomyocytes rely on fatty acids as their main fuel source to
generate ATP, but they are metabolically flexible and can use glucose, branched-chain
amino acids, or ketones as needed®. The metabolic flexibility of cardiomyocytes is key to

their ability to adapt to increased energy demands during physiological: exercise or



pregnancy, and pathological: hypertension or heart failure, stress. During heart failure,
cardiomyocytes demonstrate an increased demand for ATP due to more frequent but less
effective contraction?. In order to meet this increased energy demand, cardiomyocytes
shift their metabolism from utilizing fatty acids to utilizing glucose, which is accompanied
by increased glycolysis?l. This switch resembles the reliance on glucose and glycolysis in
fetal cardiomyocytes®?2. Initially this increase in glycolysis provides the needed increase
in ATP, but the role for this switch in chronic pathologies is hotly-debated. While some
recent work has demonstrated that decreased reliance on fatty acid oxidation confers
greater resistance to ischemia reperfusion injury and promotes cardiomyocyte
proliferation in mice deficient in the mitochondrial fatty acid transporter Cptlb, the
paradigm in the field is that this switch will become pathological if allowed to progress
unchecked for prolonged disease?3. The most recent findings suggest that a metabolic
shift to glucose utilization by cardiomyocytes protects against cardiac injury, but more
work to understand cardiomyocyte metabolism is needed.

1.3 Heart Failure - disease and pathology: Heart failure affects more than 5 million
Americans each year with a five-year survival rate of less than 50%2*. The number of
patients diagnosed is continuing to increase as the understanding of heart failure
pathology changes and the average age of the human population increases with it. Heart
failure can be broken down into two categories: heart failure with preserved ejection
fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF). This
classification is dependent on whether the ejection fraction of the heart is above 40%,

HFpEF, or less than 40%, HFrEF those these classification even have changed as more is



discovered about the disease of heart failure as a whole?*2>, Historically, congestive heart
failure which is the more classical diagnosis only encompassed patients that fell within the
diagnosis of HFrEF, but a fuller understanding of the mechanisms underlying the disease
have further stratified patients. HFpEF accounts for about 70% of the diagnoses in the last
five-years with that number expected to continue to increase?.

Mechanistically, both forms of heart failure are characterized by an increase in the
fibrotic content of the myocardium as well as a chronic infiltration of immune cells into
the myocardium!®?>, These processes are temporally associated with cardiomyocyte
hypertrophy, which while initially thought to be compensatory, becomes pathological
under the non-resolving conditions of heart failure?®. These processes together cause
cardiac pump dysfunction, resulting in the cardiac muscle having decreased efficiency and
increased energy demand. When left unchecked, this ultimately leads to a decrease in
function which ends in HFrEF.

HFrEF can occur as a progressive disease which initially starts with unchecked
HFpEF, where no treatment results in the slow progression of the disease to a HFrEF state,
or can be caused by an acute cardiac event like myocardial infarction. The progression of
heart failure from HFpEF to a HFrEF is associated with cardiometabolic co-morbidities such
as obesity, hypertension, and type-2 diabetes, as well as factors such as age and renal
disease?’. In addition to the co-morbidities, HFpEF has proven difficult to treat as
traditional therapies used with HFrEF including beta-blockers, angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, and diuretics have had limited success

in HFpEF patients?®. To date, only SGLT2 inhibitors have proven successful in improving



cardiac function for HFpEF patients?®2°. While, HFrEF has more therapeutic options than
HFpEF, most of these therapies treat the symptoms of HFrEF targeting the
renin/angiotensin and aldosterone signaling axis, rather than treating the disease-causing
mechanism?®. Furthermore, while beta-blockers target the hypertrophic signaling in the
cardiomyocyte to manage the disease progression patients become desensitized to this
class of compounds over time making their use effective but temporally limited®°. This
reveals a much-needed space for therapeutic development which is both effective at
preventing disease progression and treating disease mechanism instead of symptoms.
1.4 Chronic Inflammation in Heart Failure: Though the myocardium has a resident
immune cell population which is monocyte driven, under pathological conditions the
resident immune cells are far outnumbered by infiltrating immune populations®1731,
Neutrophils (CD11b*, Ly6g* ) initiate the immune cascade acting as first responders32.
Neutrophils are central players by releasing oxidants as well as proteases to contend
with tissue damage, further propagating the pro-inflammatory signaling which recruits
other populations and more neutrophils to the damaged area. Recently neutrophils have
been classified as N1 or N2, similar to the classification given to macrophages
historically33. N1 neutrophils are the classical first responders and considered to be pro-
inflammatory releasing cytokines such as IL1B, IL12, and TNFa343°. In ischemic injury
models, these N1 neutrophils are most prevalent the first five days after injury, at which
point N2 neutrophils significantly increase3®. N2 neutrophils are marked by expression of
CD206 and IL10, which have both also historically been used as M2 markers3’28, In most

pathologies, N1 neutrophils comprise the majority of the neutrophil population through-



out the course of disease, though the N2 population increases in late stages of disease
as pro-resolving cytokines dominate3233,

The next responder called by the release of pro-inflammatory cytokines by
neutrophils and other damage signals from the resident cardiac cells is macrophages®”-*°.
Resident cardiac macrophages are proliferative and add to the leukocyte population in
the myocardium during injury with a CCR2 surface marker®. Infiltrating macrophages
are identified by their CCR2* surface marker. Infiltrating macrophages efferocytose dying
cardiomyocyte in response to damage signals released from these cells including ATP
and pro-apoptotic markers such as cytochrome c'®4%41, |nitial polarization of these
macrophages skews towards a pro-inflammatory phenotype which increase macrophage
numbers and promotes the release of cytokines such as IL-1B, IL-6, and TNFa3%4243, |n
ischemic injury, the temporal regulation of macrophage infiltration and polarization from
a pro-inflammatory to a pro-resolving state has been well studied, but in chronic cardiac
damage this is less well understood as pro-resolving macrophages never dominate the
population3%43, This is concurrent with the chronic inflammation phenotype described in
these diseases including coronary artery disease, atherosclerosis, chronic hypertension,

and obesity**,



Chapter 2 — Methods:

Animals: Cardiomyocyte-specific Panxl-deficient mice were generated by crossing
Panx1'o/lox (panx11/M) mice*” with B6.FVB-Tg(Myh6-cre)2182Mds/) (MyHC6-Cre)*®
(strain #011038) obtained from the Jackson Laboratory. For breeding purposes, mice
hemizygous for the MyHC6 Cre were cross with Panx1/f mice to give littermate mice of
Panx1'o*/1oxP MyHCEYYWt (Panx1?/M and Panx1'o*P/1XP MyHC6 /Wt (Panx1MYHC6), All animals
were maintained at the University of Virginia Center for Comparative Medicine in a
pathogen-free vivarium facility. Mice were maintained on a 12-hour light/dark cycle and
provided ad libitum access to standard rodent chow (Teklad 7912) and water. All
experiments performed were approved by the University of Virginia Animal Care and Use
Committee (protocol #3444). All experiments were performed using age-matched
littermate controls. Genotyping was performed via PCR from tail clip biopsies after
proteinase K digestion in DirectPCR tail lysis buffer (Viagen Biotech 102-T). PCR of
genomic DNA was performed using Apex Taq Master Mix and allele-specific primers as
previously described®.

B6.Cg-Speer6-ps1TelAlb-Cre)2iMen/j (The Jackson Laborartory 003574) (Alb Cre) mice
were purchased at 8 weeks of age and maintained at the University of Virginia Center for
Comparative Medicine in a pathogen-free vivarium facility. Mice were maintained on a
12-hour light/dark cycle and unless otherwise described provided ad libitum access to
standard rodent chow (Teklad 7912) and water. At 12 weeks of age, mice were injected
with either AAV8-GFP (Penn Vector Core) or AAV8-scFv-E06 (10! genome copies/ 100 pL

in sterile PBS). At 14 weeks of age, mice were randomized by body weight across viral
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vector, and fed either chow control diet or high fat high sucrose diet (40% fat, 12%
sucrose) (ResearchDiets D12327Mi) for 12 or 16-weeks respectively.

Isoproterenol induction of heart failure: 8-10-week-old male mice were treated daily
with isoproterenol or saline vehicle for 14 days to induce heart failure as previously
described. Isoproterenol (medchem: HYB0468) was freshly prepared daily in sterile saline
prior to injection (15 mg/kg/day) and administered by intraperitoneal injection. Mice
were weighed daily to monitor for excessive weight loss and appropriate dose
administration.

Isoproterenol progression of heart failure: For longer-term administration of
isoproterenol, osmotic pumps (Alzet 2004) were filled with isoproterenol in sterile saline
plus 0.02% acetic acid and mice were weighed prior to implantation to administer
15mg/kg/day according to pump rate specifications. Pumps were equilibrated overnight
in sterile saline prior to implantation. 8—-10-week-old male mice were anesthetized using
isoflurane and implantation sites were exposed after hair removal with Nair hair removal
lotion with aloe and lanolin. Mice were administered bupivicane analgesic and sites were
sterilized with three washes of betadine and ethanol wipes. Pumps were implanted in a
subcutaneous pocket on the back of the mouse and surgical clips were placed for wound
closure. Mice were placed on a heating-pad and isoflurane anesthesia was maintained for
the length of the procedure. Surgical clips were removed 10-14 days after placement.
Immunofluorescence staining: Hearts were harvested and fixed for 4 hours in 10% zinc-
buffered formalin prior to fixation in 50% ethanol. Tissues were paraffin embedded and

cryosectioned to 7um thickness and mounted. Slides were deparaffinized. Briefly, sections
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were submerged in Histo-Clear (Electron Microscopy Sciences 64110-01) (3x10 minutes),
100% ethanol (2x3 minutes), 95% ethanol (2x3 minutes), 70% ethanol (1x3 minutes), and
PBS (1x5 minutes). Antigen retrieval was performed using citrate-based solution (Vector
Laboratories H-330) where slides were submerged in antigen retrieval solution and heated
to boiling for 20 minutes, slides were then cooled for 10 minutes at room temperature
and 10 minutes at 4°C, Tissue sections were then blocked for 1 hour in antibody blocking
buffer (0.2% TritonX, 1mL donkey serum) at room temperature. Antibody blocking buffer
was removed and replaced with antibody blocking buffer containing primary antibody
(1:100) overnight at 4°¢. Sections were then washed (3xPBS for 5 minutes) and incubated
in antibody blocking buffer containing secondary antibody (1:500) for 1 hour at room
temperature protected from light. Sections were washed (3xPBS) and counterstained with
DAPI (Thermo Fisher Scientific D3571) before mounting. Sections were imaged on an
Olympus Fluoview 1000 and are representative images of composite z-stacks. Analysis
(thresholding, manual counting, and fluorescence intensity quantification) were
performed in Imagel.

Quantification of Cardiomyocyte cross-sectional area: Hearts were prepared as indicated
in immunofluorescence staining. Sections were stained with cTnnt (1:100 - Abcam
ab8295) during primary incubation and DAPI (1:500 - Thermo Fisher D3571) and Wheat-
Germ-Agglutinin-Alexa Fluor 647 (5 pg/m — Thermo Fisher W32466) during secondary
incubation. Sections were imaged on an Olympus Fluoview 1000 confocal microscope with
five images per mouse taken in the left ventricle across two sections. 50 round nucleated

cardiomyocytes per mouse were outlined across the images and were analyzed in ImageJ.
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Flow cytometry of infiltrating cardiac leukocytes: Primary infiltrating leukocytes were
isolated from cardiac tissue by non-Langendorff perfusion previously described°. Briefly,
hearts were sequentially perfused with EDTA buffer, perfusion buffer, and digestion buffer
containing collagenase until hearts appeared soft. Hearts were then mechanically
dissociated with scissors and pipetted up and down. Cells were washed through a 100um
cell strainer to create a single cell suspension. Myocytes were isolated by centrifugation
at 120 x g for 5 minutes. Supernatants (containing non-myocyte cells) were transferred to
clean tubes and pelleted by centrifugation at 300 x g for 5 minutes. Pellets were treated
with ACK lysis buffer for 1 minutes and then resuspended in 1mL of FACS buffer (PBS, 2mM
EDTA, and 1%BSA). Splenocytes were isolated by grinding through a 100um cell strainer
and washing with PBS containing 2mM EDTA. Samples were then incubated with ACK lysis
buffer for 2 minutes and spun at 400 x g for 5 minutes. All samples were then counted and
resuspended at 100uL per 100,000 cells in PBS. Cells were stained with LIVE/DEAD Yellow
(1:2000) (Thermo Scientific L34967) for 30 minutes on ice. Fc-receptors were then blocked
for 15 minutes using FcBlock (BioRad — BUF041A). Cells were pelleted by centrifugation
(300 x g,5 minutes) and resuspended in FACS buffer (100uL per 100,000 cells) and stained
with fluorophore-conjugated antibodies (1:100) for 1 hour on ice. See tables for
antibodies included below. Cells were washed in PBS (x3) after staining. Flow cytometry
collection and deconvolution was performed on an Cytek Northern Lights 3 laser Spectral
Flow Cytometer. Automatic deconvolution was performed using single stains generated

from splenocytes. Gating and post-hoc analysis was performed with FCS-Express 7.18.
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Representative gating is presented for all flow cytometry experiments in supplemental
figures.

RNA-Sequencing: Hearts of mice were removed after whole body perfusion with 10mL of
PBS, weighed, and snap frozen at -80° prior to analysis. For some experiments, isolated
cardiomyocytes were suspended in 1mL of TRIzol™ (Invitrogen) and stored at -80°C for
further analysis®®. After chloroform incubation and centrifugation per manufacture
instructions RNA-containing phase was diluted with 70% ethanol 1:1 and RNA isolation
was performed using RNeasy Mini Kit (Qiagen). For tissues, Total RNA was isolated using
RNeasy Mini Kit (Qiagen) after lysis in RLT buffer with bead homogenization. Total RNA
guantity and quality were then assessed on a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). Library preparation including quality metrics, sequencing, and
clustering were performed by Novogene (Sacramento, CA). Sample integrity was assessed
prior to library preparation using the Bioanalyzer 2110 system with an RNA Nano 6000
Assay Kit (Agilent Technologies). One hundred fifty-base paired-end sequencing was
performed using an lllumina NovaSeq platform according to manufacture instructions.
Fastq files were processed using in-house perl scripts from Novogene to obtain clean
reads. Clean reads were aligned to the mouse reference genome using Hisat2 v2.0.5.
FeatureCounts was used to calculate read numbers for each gene and fragments of per
kilobase of transcript sequence per millions base pairs sequenced (FPKM) were calculated.
Differential expression analysis was performed using DESeq2. Differentially expressed

genes (DEG) were assigned by criteria of P-value adjusted < 0.05 (-Log(p-value) > 1.3).
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KEGG pathway analysis and Gene Ontology pathway analysis was performed on DEG using
clusterProfiler.

Echocardiography: 8-16-week-old male mice were anesthetized using isoflurane. The
chest was exposed after hair removal and a four-lead electrocardiogram (ECG) was
collected during the procedure. Images were collected using a VevoView 1100 system.
Images were collected in the long-axis (B-mode) and short axis (M-mode) on mice serially
throughout the experimental period. Serial collection began prior to disease induction and
occurred every two-weeks during disease progression. Images were analyzed using Vevo
Lab. Left-ventricle (LV) end-diastolic, end-systolic volume, and wall thickness were
assessed, and ejection fraction calculated.

Blood Pressure Assessments using Radiotelemetry: Blood pressure was measured using
telemetry equipment (Data Sciences International, DSI) as previously described®!. Mice
were surgically implanted with radiotelemetry units (PA-C10 or HD-X10). Briefly, while
under isoflurane anesthesia, the catheter of a radiotelemetry unit was placed in the left
carotid artery and positioned such that the probe reached the aortic arch. The radio-
transmitter was placed in a subcutaneous pouch at the right flank. Buprenorphine was
used as an analgesic. Mice were allowed to recover for seven days prior to the initiation
of recordings. Baseline blood pressure measurements, including systolic pressure,
diastolic pressure, mean arterial pressure (MAP) and heart rate, were recorded every
minute for a continuous period of 5 days using Dataquest A.R.T. 20 software (DSI).
Diurnal (inactive period) MAP was measured during animal’s light cycle (6:00 a.m. to

5:59 p.m.) and nocturnal (active period) MAP was measured during the animal’s dark
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cycle (6:00 p.m. to 5:59 a.m.).

Antibodies: Antibodies used in these studies were rabbit monoclonal anti-Panx1 (Cell
Signaling - #91137), rabbit monoclonal anti-CCR2 (Abcam — ab273050), rat monoclonal
anti-Ly6g (R&D Systems — MAB1037), mouse monoclonal anti-cardiac troponin T (Abcam
—ab8295), and wheat germ agglutinin (Invitrogen — W32466). Flow cytometry antibody
used include CD45 rat anti-mouse APC eFluor 780 (Invitrogen - 47-0451-80), CD11b rat
anti-mouse FITC (Invitrogen - 11-0112-82), CD163 rat anti-mouse PE (Invitrogen - 12-1631-
80), CD86 rat anti-mouse SuperBright 436 (Invitrogen - 62-0869-41), LIVE/DEAD Yellow
Cell Stain for 405 (L34967), Ly6g rat anti-mouse PE-Cyanine5 (Invitrogen - 15-9668-80),
F4/80 anti-mouse APC (eBioscience 17-4801-82), CD64 anti mouse PerCP-710 (Invitrogen
— 46-0641-80), CD24 anti mouse PE-Cyanine7 (Invitrogen 25-0242-82).

Cell culture: H9c2 rat myoblasts were obtained from ATTC and maintained in high-glucose
DMEM supplemented with 10% heat-inactivated FBS, 15 mM sodium bicarbonate
(Glibco), ImM sodium pyruvate (Glibco), and 1% Pen-Strep. Cells were passaged when
they reached 70% confluency on tissue culture (TC) treated dishes using 0.25% trypsin
(Glibco).

siRNA-Mediated Knock-Down of Panx1: H9c2 cells in 12 or 24 well TC treated plates or
10cm TC treated dishes were washed in sterile PBS and then incubated with OptiMEM
(Glibco). Cells were treated with RNAiMax Lipofectamine and siRNA against Panx1 or
negative control silencer #1 (Ambion - 197003) per the manufacturer’s instructions.

Experiments were performed 72 hours after transfection with the siRNA.
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RNA isolation and quantitative reverse transcription PCR: RNA was isolated from
approximately 75,000 H9c2 rat myoblasts or isolated cardiomyocytes or immune cells
from one mouse heart and lysed in RLT lysis buffer. RNA was isolated using the RNeasy
Mini Kit (QIAGEN) according to the manufacturer’s instructions. RNA was quantified using
a NanoDrop spectrophotometer (Thermo Fisher Scientific), and complementary DNA
(cDNA) libraries were generated using the iScript ¢cDNA Synthesis Kit (Bio-Rad).
Quantitative reverse transcription PCR was performed using TagManFast Advanced
Master Mix (Thermo Fisher Scientific) and TagMan primers (mouse Panx1 mm0045091 ,
mouse Panx2 mm01308054, mouse Panx3 mm00552586, mouse Gjal mmO00439105,
mouse Gja5 mmO00433619- Invitrogen) (Rat Panxl Rn01447976_m1l — Thermo Fisher
Scientific) for genes of interest on a CFX Connect real-time PCR instrument (Bio-Rad).
Relative gene expression was determined using 18S (4333760 — Thermo Fisher Scientific)
or Hprt (mmO01545399 — Invitrogen) as a housekeeping gene. Quantitative reverse
transcription PCR was performed using SensiMix SYBR Green reagent and primer pairs for
genes of interest on a CFV Connect real-time PCR instrument where TagMan primers were
not used. Relative gene expression was determined using Hprt as a housekeeping gene.
Primer sequences were verified against genes of interest using NCBI Primer-BLAST.

ATP release measurements: H9c2 cells were plated at 80,000 cells per well in a 48 well
dish and put in serum free media overnight prior to experimental treatment. Cells were
incubated with Panx1 inhibitors (spironolactone 50 uM in serum free media) or vehicle
control for 1 hour prior to stimulation. ARL (Tocris 1283) (300 uM) was added for 30

minutes prior to stimulation. Cells were then stimulated with vehicle (PBS), isoproterenol
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(2 or 20 uM in sterile PBS), or phenylephrine positive control (10 uM) for 15 minutes. One-
third of the media in the well was carefully collected with care taken to not bump cells in
the bottom of the well and placed on ice. ATP concentrations were assessed by
CellTiterGlo (Promega G7571) and compared to standard curve prepared by combining
serum free H9c2 media with ATP disodium salt (Tocris 3245).

Dye Uptake Assay: H9c2 cells were plated at 1000,000 cells per well in a 12 well dish and
incubated with Panx1 inhibitors (spironolactone 50 uM, carbenoxolone 50 uM, or
probenecid 1mM) or vehicle control for 1 hour prior to stimulation. Cells were stimulated
with vehicle (PBS), isoproterenol (2 or 20 uM in sterile PBS), or phenylephrine positive
control (10 uM) for 1 hour at the same time as Yo-Pro-1 dye (Thermo Fisher Scientific
Y3603) (1uM) was added to the media. Media was removed and cells were washed prior
to detachment with trypsin (0.25%). Cells were spun at 400 x g for 5 minutes and
resuspended in PBS with LIVE/DEAD Yellow (1:1000) for 30 minutes. Cells were pelleted
and washed in Annexin V binding buffer three times and then resuspended in Annexin V
AlexaFluor 568 (Thermo Fisher Scientific A13202) (1:500) (AV) for 10 minutes. Cells were
washed and resuspended in FACS buffer as described above. Cells were analyzed by flow
cytometry on an Attune NxT. Single stain controls were performed using H9c2 cells for
initial intensity. FMO were collected and used for deconvolution prior to gating. Cells were
gated for LIVE/DEAD Yellow and AV negative and the percentage of cells positive for Yo-
Pro-1 was assessed as compared to vehicle stimulation.

Glycolytic Stress Test, Mitochondrial Stress Test, and ATP Production assay: After

treatment with control or Panx1-targeting siRNA as described above, H9¢2 rat myoblasts
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were plated (40,000 cells per well) in complete medium in XFe96 cell culture microplate
and allowed to settle for one hour at room temperature before overnight culture. The
following day cells were treated with ISO (20uM) for 1 hour in complete medium.
Immediately prior to the assay the media was changed to glycolytic stress test medium
(Sigma Aldrich D5030) supplemented with 143 mM NaCl and 2mM L-glutamine (Gibco
25030 — 081), mitochondrial stress test medium (Corning 50-003-PB), or ATP production
medium (Agilent 103575-100). Glycolytic activity was assessed by measurement of
extracellular acidification rate on a Seahorse XFe96 instrument (Agilent Technologies). The
rate of pH change was measured every 13 minutes for a 3-minute interval before
sequential challenge with 1) 20mM glucose (Sigma Aldrich D9434), 2) 1 uM oligomycin
(Sigma Aldrich 75351), and 3) 80 mM 2-deoxyglucose (Sigma Aldrich D8375). Basal ECAR
was measured as post-glucose ECAR minus post 2-DG ECAR, and maximal ECAR was
measured as post-oligomycin ECAR minus post-2DG ECAR. Mitochondrial activity was
assessed by measurement of O, consumption rate on a Seahorse XFe96 instrument
(Agilent Technologies). The rate of O, change was measured every 13 minutes for a 3-
minute interval before sequential challenge with 1) 1 uM oligomycin (Sigma Aldrich
75351), 2) 2 uM BAM15 (Cayman Chemical Company 17811) and 3) 10 uM antimycin A
(Sigma-Aldrich, A8674) and 10 uM rotenone (Sigma-Aldrich, R88751G). Maximal OCR was
measured as post-BAM15 OCR minus post-antimycin A/rotenone OCR. ATP production
was assessed by measurement of proton extrusion rate (PER) on a Seahorse XFe96

instrument (Agilent Technologies). The PER was measured every 13 minutes for a 3-
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minute interval before sequential challenge with 1) oligomycin and 2) antimycin A and
rotenone according to manufacture instructions.

2-NDB Glucose Uptake: H9c2 rat myoblasts were plated in a black, clear bottom 96 well
plate and allowed to adhere overnight in complete media. Cells had been cultured with
either control or Panxl siRNA for 48 hours in OptiMem media prior to plating. The
following day cells were treated with 1ISO (20uM) for 1 hour or vehicle control. After
stimulation media was removed and replaced with glucose free DMEM as described above
in the presence of 2-NDB glucose for 4 hours. The uptake of fluorescent 2-NBDG was
assessed according to manufacturer’s instructions (Cayman Chemicals - Glucose Uptake
Cell-Based Assay Kit) on a Synergy HTX plate reader (BioTek).

CytoTox Cell Death Assay: H9c2 rat myoblasts were plated in a clear bottom 96 well plate
and allowed to adhere overnight in complete phenol red free media. Cells had been
cultured with either control or Panx1 siRNA for 48 hours in OptiMem media prior to
plating. The following day cells were treated with I1SO (2,20uM) or phenylephrine (10 uM)
for 15 minutes or vehicle control. After stimulation media was removed and LDH presence
in the media was assessed according to manufacturer’s instructions (Promega- CytoTox
Non-radioactive cytotoxicity assay) on a Synergy HTX plate reader (BioTek).

Serum Creatinine: Whole blood was collected from mice via cardiac puncture and placed
into serum separating tubes (BD Microtainer — 365967) for 30 minutes at room
temperature. Serum was separated by centrifugation (1500 x g, 5 minutes) and snap

frozen on dry ice. Serum creatinine was measured at 520 nm after addition of sodium
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picrate according to manufacturer’s instructions (Pointe Scientific - Creatinine Reagent Set
C75391250) using a known standard (Pointe Scientific C75391250).

Glucose Tolerance Test (GTT): Mice were fasted for 16 hours in chip bedding with ad
libitum access to water and weighed prior to the start of the test. Blood glucose was tested
and then glucose solution (1 mg/g in sterile water) was injected via intraperitoneal
injection. Blood glucose was measured at 15, 30, 60, and 120 minutes via tail vein nick
using glucometer (CVS).

Insulin Tolerance Test (ITT): Mice were fasted for 6 hours in chip bedding with ad libitum
access to water and weigh prior to the start of the test. ITT tested occurred at minimum 7
days after GTT testing. Insulin (0.75 U/kg) (100 U/mL Hummulin R — Lilly) was administered
via intraperitoneal injection and blood glucose was measured 15, 30, 60, and 120 minutes
after injection.

Body Composition Analysis: Fat and lean mass body composition analysis was performed
using EchoMRI Body Composition Analyzer via magnetic resonance imaging. Analysis was
performed every two weeks from the start of diet.

Cardiac MRI Cine Imaging: Mice were anesthetized using isoflurane and imaging was
performed using a 9.4 Tesla Bruker BioSpin MRI scanner using ParaVision 360 operating
software. Four chamber and serial 2 chamber cine imaging were performed after cardiac
localization and planning. Image analysis was performed using Segment for LV mass,
diastolic, and systolic functional measurements>2.

Statistics: Statistical analyses were performed in Prism 9 (GraphPad). The presence of

statistical outliers was assessed by a ROUT test (2%), and identified outliers were excluded
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from analysis. Statistical outliers were identified for data show in Figure 4E, F, which were
excluded from analysis. Statistical tests were performed with two-tailed analysis.
Comparisons between two groups was conducted by Welch’s or Student’s t-test, while
comparisons between more than two groups were made by one-way analysis of variance
or mixed-effects analysis. Sidak’s multiple comparisons test was performed as post-hoc
analysis where appropriate. Mixed effects analysis was used for paired data with more
than two groups. A p-value of less than 0.05 was considered statistically significant. Data
are represented as mean t the standard error of the mean. Image analysis was performed
on 3-5 averaged images per mouse across a minimum of two cardiac sections. Data points
shown for imaging are representative of the average across a mouse, with each data point
representative of individual mice.

Data Availability: Sequencing data reported in this manuscript are deposited in the NCBI
Gene expression Omnibus. All data needed to evaluate the conclusions of this manuscript
are present in the manuscript, present in the supplementary figures, or available upon
request to the corresponding author. Graphics were prepared using BioRender. Panx1MvHce
mice can be provided by N.L. upon completion of a materials transfer agreement with the

University of Virginia School of Medicine. Requests may be submitted to N.L. ().
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Chapter 3: Pannexin 1 Channels Control Cardiomyocyte Metabolism and Neutrophil
Recruitment During Non-Ischemic Heart Failure

Abstract:

Pannexin 1 (PANX1), a ubiquitously expressed ATP release membrane channel, has
been shown to play a role in inflammation, blood pressure regulation, and myocardial
infarction. However, a possible role of PANX1 in cardiomyocytes in the progression of
heart failure has not yet been investigated. We generated a novel mouse line with
constitutive deletion of PANX1 in cardiomyocytes (Panx1“WHC) PANX1 deletion in
cardiomyocytes had no effect on unstressed heart function but increased the glycolytic
metabolism both in vivo and in vitro. In vitro, treatment of H9¢2 cardiomyocytes with
isoproterenol led to PANX1-dependent release of ATP and Yo-Pro-1 uptake, as assessed by
pharmacological blockade with spironolactone and siRNA-mediated knock-down of
PANX1. To investigate non-ischemic heart failure and the preceding cardiac hypertrophy
we administered isoproterenol, and we demonstrate that Panx1MYH® mice were protected
from systolic and diastolic left ventricle volume increases and cardiomyocyte hypertrophy.
Moreover, we found that Panx1VWH® mice showed decreased isoproterenol-induced
recruitment of immune cells (CD45*), particularly neutrophils (CD11b*, Ly6g*), to the
myocardium. Together these data demonstrate that PANX1 deficiency in cardiomyocytes
impacts glycolytic metabolism and protects against cardiac hypertrophy in non-ischemic
heart failure at least in part by reducing immune cell recruitment. Our study implies
PANX1 channel inhibition as a therapeutic approach to ameliorate cardiac dysfunction in

heart failure patients.
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Introduction
3.1 Pannexin Channels: Pannexin channels are integral members of the cell membrane
landscape. A three membered family of membrane channels which are known to be
differentially regulated, Pannexin 1 (PANX1) is the most well studied of the three family
members and is ubiquitously expressed>>3>4, PANX1 has been localized to the plasma
membrane in most cell types, as well as recent work which has shown potential
localization to the mitochondria in cardiomyocytes®>. While PANX1 is ubiquitously
expressed, PANX2 has been shown to be most robustly expressed in the central nervous
system, though expression has been shown in a multitude of cell types including systems
such as skin and brown adipose tissue®®. PANX2 has been shown to be localized to
cytoplasmic compartments with minimal identification of the channel at the plasma
membrane®’. Finally, PANX3 which was originally thought to be primarily expressed in
bone and skin, has been shown to be expressed in a wide variety of tissues. PANX3
localization has been shown at multiple membranes including not only the plasma
membrane as an ATP release channel, but also at the golgi and ER membrane®®, PANX1
and PANX3 have both been shown to release ATP in response to many types of stimuli in
their respective cell types, which serves as a link between one cell and another as part of
the purinergic signaling axis>%°,

PANX1 is a heptameric channel, which has been shown to activated by its C-
terminus®l. Many modes of activation have been identified for PANX1 including cleavage
of the C-terminal tail by caspase 3, alphaip-adrenergic receptor activation, B3-adrenergic

receptor activation, and Bl-adrenergic receptor activation causing phosphorylation of
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PANX1 at Ser206 in a cAMP dependent mechanism>°35>, Additionally, there is evidence
that the channel may be able to activate by stretch of the cells in a mechanical
mechanism®2, The open probability of PANX1 follows a quantized mechanism whereby
increasing the number of C-termini which are cleaved increased the conductance of the
channel linearly®?. Moreover, while multiple modes of channel activation have been
described, the channel is known to release a variety of metabolites less than 1 kDa in
size®3. ATP is the most well characterized metabolite released through PANX1, serving as
a damage signal to recruit immune cells known as a “find me” signal®®%3, ATP is also used
as the standard to measure in vitro channel activation. Meanwhile, Medina et al.
described that other metabolites of interest including spermidine and UDP-glucose can
also be released through the channel during apoptosis®.

A role for PANX1 has been previously described in multiple models of
cardiovascular disease including hypertension, inflammation, abdominal aortic aneurism,
and myocardial infarction®4-%8, As previously discussed PANX1 can be activated via alphaio-
adrenergic receptor activation, and this has been shown to play an important role in
physiological regulation of blood pressure where ATP released through PANX1 serves as a
vasoconstrictive signal for smooth-muscle cells®!. Several pharmacologic compounds
including probenecid, carbenoxolone, and the FDA-approved heart failure therapeutic
spironolactone have been identified as PANX1 channel blockers®4%%70  Furthermore,
spironolactone which is a primary therapy for heart failure patients, has been identified

as both a mineralocorticoid receptor antagonist as well as PANX1 blocker®*71773, Using a

PANX1 global knock-out mouse in a model of myocardial ischemia-reperfusion, PANX17"
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mice were protected from cardiac dysfunction and infarct size>. Endothelial cell specific
PANX1 knock-out mice were also protected in a mouse model of myocardial infarction and
this was linked with decreases in CCR2* infiltrating leukocytes®®. Finally, release of ATP
from cardiomyocytes through PANX1, which caused fibroblast activation in vitro, has
previously been described’®. While these prior studies have strongly implied PANX1 as a
therapeutic target for cardiovascular diseases, the role for PANX1 in cardiomyocytes
specifically and in the regulation of chronic cardiac pathologies, including heart failure,
remains to be elucidated”.

3.2 Heart Failure and the Innate Immune Response: Heart failure, which affects five
million Americans each year and has a five-year survival rate of less than 50 percent, can
be divided in to two sub-pathologies: heart failure with reduced ejection fraction (HFrEF)
and heart failure with preserved ejection fraction (HFpEF); HFpEF is the more
predominant form and its prevalence is on the rise?*28, While several effective therapies
are available for patients with HFrEF, HFpEF has limited treatment options underscoring
the need to identify new therapeutic strategies?’. Pathological features of heart failure
include cardiac hypertrophy, chronic inflammation, and interstitial fibrosis of the heart
muscle, which together result in reduced cardiac contractile function®. Current
pharmacologic interventions for HFrEF include treatments with beta-blockers, loop
diuretics, angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers,
and sodium glucose transporter 2 (SGLT2) inhibitors?>’®77, These therapies target the
renin-angiotensin/ aldosterone systems and the adrenergic signaling axes, providing more

symptom management rather than improving function of the cardiac muscle’®. Moreover,
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previous clinical trials have targeted TNF-a signaling, modulated the immune system using
intravenous immunoglobulins’®, or decreased fibroblast activation with pirfenidone’ (an
antifibrotic which down regulates growth factors and procollagens | and Il), have not lead
to significant improvements in patient outcomes. To prevent cardiac muscle decline, it is
necessary to devise novel therapeutic approaches which directly target the mechanisms
of heart failure progression.

In response to local hypoxia or chronic beta-adrenergic stimulation, two conditions
known to cause cardiac hypertrophy and heart failure, cardiomyocytes release damage
signals such as ATP’* and secrete pro-inflammatory cytokines, which leads to the
recruitment of macrophages and neutrophils and efferocytosis of dying
cardiomyocytes3?78, Initially, recruited leukocytes promote the repair of damaged
myocardium by stimulating resident fibroblasts to secrete extracellular matrix, and by
inducing angiogenesis to provide needed oxygenation and nutrients to the healing cardiac
muscle!”8% While this acute inflammatory response is necessary to activate fibroblasts
and prevent excessive cardiomyocyte death, chronic activation of both the innate and
adaptive immune responses has been shown to exacerbate heart failure
progression®4%7881 The immune cell cascade and timeline for resolution of inflammation
after ischemic myocardial infarction has been well characterized, however, it is less well
understood how immune cells are recruited to the injured myocardium in chronically

developing non-ischemic heart failure®?.
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3.3 Purinergic Signaling in neutrophil recruitment: PANX1 serves as a key signaling axis in
the purinergic signaling cascade. Purinergic signaling is comprised of a group of channels
known to release purinergic nucleotides including ATP and adenosine and the receptors
which bind these ligands. This signaling can act in an autocrine manner signaling to other
microdomains within the same cell or as a paracrine function signaling locally to other
cells to communicate cellular damage and cause chemotaxis. Though much of the work
done with PANX1 heavily implicates the role for PANX1 dependent ATP release, previous
studies have demonstrated that a wide variety of metabolites can be released through
PANX1%3. Other metabolites including ADP, UTP, and UDP-glucose have been identified in
the supernatant of media collected from PANX1 dependent activation®3.

These ligands as well as others are all known to play roles in paracrine signaling,
or “find me signals” from damage cells such as cardiomyocytes .These metabolites serve
as ligands for many purinergic receptors present on neutrophils, including P2Y14,
P2Y2,P2X1, and P2X7 which have been previously demonstrated to play key roles in
chemotaxis and leukocyte migration into tissues during disease®26. Studies in human
neutrophils identified UDP-glucose as being the ligand for P2Y14 using a P2Y14 specific
inhibitor4. Further work in a P2Y14 deficient mouse in a model of COVID infection
demonstrated that P2Y14 global deletion reduced neutrophil recruitment to the lung?’.
Finally, in a model of kidney ischemia reperfusion injury pre-treatment with P2Y14 specific
antagonist, PPTN, prior to injury reduced neutrophil, Ly6G*, CD11b*, and monocyte,
CD11b*, Ly6C*, recruitment in to the kidney®8. P2Y2 has been shown to bind ATP and UTP,

both ligands which have been seen in to be released in a PANX1-dependent manner from



28

apoptotic cells®®8¢  ATP serves as a chemotaxis signal binding the P2Y2 receptor in
neutrophils, which then initiates a positive feedback loop of further ATP release and then
hydrolyzed ATP binding to A3 receptors on the neutrophils as a means of communicating
directionality to the leading edge of the neutrophil®. While P2Y14, which binds UDP-
glucose, is more specific to neutrophil populations over other leukocytes, receptors such
as P2X1 and P2Y2, which binds ATP are found on many cell types in the myocardium
including myocytes themselves, platelets, and multiple immune cell populations include
both resident monocytes and invading early responders such as neutrophils®°. In a
global deletion P2X1 mouse testing a pancreatitis model, neutrophil recruitment to the
pancreas was significantly decreased, while in this same model administration of apyrase,
an enzyme which catalyzes the hydrolysis of ATP to AMP, serum MPO was significantly
reduced®. Taken together these two findings closely link ATP binding to P2X1 receptors
as playing a key role in neutrophil recruitment. Finally, P2X7 which is also known to bind
ATP has been previously demonstrated to be influential in bacterial killing and the sterile
immune response during serve organ damage®>°3. In a model of severe sterile liver injury,
ATP release from hepatocytes was shown to recruit neutrophils to the injury site via
chemokine gradient and P2X7 knock-out or pharmacological inhibition significantly
reduced this recruitment to the injury site.

Taken together, this body of literature demonstrates that purinergic signaling in
neutrophils plays a key role neutrophil migration and activation during sterile injury.
Additionally, the ligand receptor pairs have been well explored when it comes to those

expressed in neutrophils. However to this point, it is not entirely understood how these
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signals are released from injured cells, and even less so cardiomyocytes, especially in the
context of chronic sterile injury such as non-ischemic heart failure.

3.4 Brief Summary of Chapter: Here we report that PANX1 channels can be activated in
cardiomyocytes through beta-adrenergic receptor stimulation. Using mice with a
cardiomyocyte-specific PANX1 deletion (Panx1MH) we demonstrate a crucial role for
PANX1 channels in the development of non-ischemic heart failure. Panx1MY"¢® mice were
protected against isoproterenol-induced °*°° cardiac hypertrophy, systolic dysfunction,
and neutrophil infiltration into the myocardium. Furthermore, we find that PANX1
deletion facilitates glucose utilization and increases glycolytic gene expression as well as
glycolytic rate. Finally, we demonstrate that PANX1 deletion decreases immune response
genes in cardiomyocytes which is concurrent with a decrease in immune cell, specifically
neutrophil, recruitment Taken together our findings implicate PANX1 channels as

promising therapeutic targets in non-ischemic heart failure and cardiac hypertrophy.
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Results
3.5 Isoproterenol Activates Pannexin 1 channels in Cardiomyocytes:

Previous studies have demonstrated that Pannexin 1 (PANX1) channels are
activated in response to B3 and aip-adrenergic receptor stimuli®*®3, A recent study
demonstrates beta-adrenergic receptor 1-dependent activation of Panx1l channels in
cardiomyocytes via cAMP/PKA-mediated phosphorylation on Serine 206°4. To activate
Panx1 channels we used isoproterenol, a pan B-adrenergic receptor agonist, in H9¢2 rat
myoblasts which endogenously express all B-adrenergic receptor family members and
Panx1°6798, We tested Panx1 channel opening by measuring both ATP release into the
culture media and dye (Yo-Pro-1) uptake into cells. After stimulation with 2 or 20uM
isoproterenol, H9c2 cells released significantly more ATP into the extracellular media
compared to vehicle stimulation (Figure 3.1A). Isoproterenol-induced ATP release was
abolished by either siRNA mediated knock-down of Panx1 (successful knock-down is
demonstrated by significantly decreased mRNA and protein levels (Figure 3.7A,B)), or
pharmacological channel inhibition with spironolactone® (Figure 3.1A,C). Cell viability
was not affected at either dose of isoproterenol (Figure 3.7C).

Additionally, using a flow-cytometry based approach, we found that stimulation
with 20uM isoproterenol caused a significant increase in Yo-Pro-1 positive, Annexin V
negative H9c2 cells compared with vehicle stimulation (Figure 3.1B, representative gating
Figure 3.7D). Isoproterenol-induced Yo-Pro-1 uptake was significantly decreased after
siRNA-mediated Panx1 knock-down (Figure 3.1B, Figure 3.7D), and blunted with PANX1

channel blockade by spironolactone, carbenoxolone, or probenecid (Figure 3.1D). Taken
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together, these data demonstrate that PANX1 channel opening in cardiac myoblasts as a
result of B-adrenergic receptor stimulation leads to the release of ATP.
3.6 Generation and characterization of a mouse with Pannexin 1 deletion specifically in
cardiomyocytes

To investigate the role of PANX1 channels in cardiomyocytes in vivo, we generated
a cardiomyocyte-specific PANX1 null mouse by crossing Panx1 floxed mice*’ with mice
expressing Cre recombinase under the control of the alpha myosin heavy chain promoter
(MyHCB6). Confirmation of successful recombination was demonstrated by the presence
of a null band on PCR analysis of genomic DNA isolated from the hearts of Panx1MyHce
mice, which was not present in the hearts of Panx1%f mice or other tested organs (liver,
kidney) from either mouse genotype (Figure 3.8A). Levels of Panx1 mRNA (by qPCR) and
PANX1 protein (by immunofluorescence) were significantly decreased in isolated
cardiomyocytes and cardiac troponin t (cTnnt) positive cells, respectively, from Panx1MyHce
mice (Figure 2A, S2B) demonstrating the specificity of the Panxl deletion in
cardiomyocytes. Additionally, we see no concomitant changes in Panx2, Panx3, Gjal
(Cx43), or Gja5 (Cx40) mRNA (by gPCR) in isolated cardiomyocytes from Panx1MWH¢® mice
compared with Panx1?f mice (Figure 3.8C). Panx1M"¢ mice had no obvious gross
developmental defects when compared to their Panx17/f littermates as examined by body
mass, organ mass, or tibial length at 12 weeks of age (Figure 3.8D-G). Furthermore,
assessment of cardiac function via 2D-echocardiography showed no significant differences
in end-systolic or end-diastolic volume, wall thickness, or ejection fraction at baseline

(Figure 3.2B-E, Figure 3.8L). Finally, blood pressure measurements by radiotelemetry in
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12-week-old male mice demonstrated no differences in mean arterial pressure, systolic or
diastolic pressure, or heart rate in Panx1M"¢¢ mice when compared to littermate Panx1//
mice (Figure 3.8H-K).

3.7 Pannexin 1 deletion shifts cardiomyocyte metabolism from oxidative
phosphorylation to glycolysis.

To explore effects of PANX1 deficiency on the cardiomyocyte transcriptome in vivo,
we performed bulk RNA-sequencing on cardiomyocytes isolated from hearts of
Panx1MYHC and Panx1"f mice, which identified 1281 and 727 uniquely expressed genes,
respectively (Figure 3.3A). There were 1069 significantly differentially expressed genes
between the genotypes, with 793 down-regulated and 276 up-regulated (Figure 3.3B).
Gene ontology (GO) Term and KEGG pathway analysis revealed that Panx1 deletion mainly
affected pathways involved in intercellular communication, cell adhesion and gap junction
function, namely “cell-cell” and “Wnt signaling”, “microtubule-based movement”, “ECM-
receptor interactions”, “leukocyte trans endothelial migration”, and “cell adhesion
molecules”, among others involved in inflammation and cytoskeletal organization (S3A,
B). KEGG Pathway analysis was corroborated by significantly lower expression of
transcripts of the claudin and cadherin family and their receptors (Cdh1, Cldn7, Cdhr3,
Cdhr4), as well as increased expression of Transport and Golgi Organization protein 2

Homolog (Tango2) , which has been associated with altered mitochondrial energy

metabolism in humans®¥1% (Figure 3.3B).

Pannexin channels have been demonstrated to control cellular metabolism,

specifically the regulation of glucose homeostasis and glycolytic metabolism91-104 A
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previous study by Adamson et al. demonstrated that Panx1 channel function is required
for insulin-induced glucose metabolism in white adipocytes!?. To assess whether loss of
PANX1 impacted these pathways in cardiomyocytes, we analyzed the genes associated
with key glycolytic enzymes in PANX1-deficient cardiomyocytes. Our data demonstrate
increased expression of glycolytic pathway genes in cardiomyocytes isolated from
Panx1MYHC® mice compared to their floxed controls. Of note, we found a significantly
higher levels of the glucose transporter Slc2a4 (Glut4), which is the predominant isoform
in cardiomyocytes (Figure 3.3C). This finding was specific to Glut4 as we do not find any
specific changes in Glutl or Glut3, the other predominant isoforms in cardiomyocytes

(S31).

To determine if the observed transcriptional increase in genes involved in
glycolysis impacts cellular metabolism and glucose utilization, we first performed glucose
uptake assays to determine if the increase in Slc2a4 transcripts impacted intracellular
glucose content. Intracellular 2NBD-glucose levels were significantly increased after
stimulation of H9c2 cells with isoproterenol, which was abrogated after siRNA-mediated
knock down of PANX1 (Figure 3.3F).

Next, we performed a glycolytic stress test (GST) using a Seahorse extracellular flux
analyzer on H9c2 cells that had been treated with either Panx1 siRNA or control siRNA to
determine if increased glucose uptake affected cellular bioenergetics. PANX1 knock-down
alone resulted in significantly increased basal and maximal extracellular acidification rate
(ECAR). The magnitude of increase was even further increased by treatment with

isoproterenol (Figures 3.3D, E, representative trace Figure 3.9C). Conversely, when we
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performed a mitochondrial stress test (MST) we found that PANX1 knock-down alone was
sufficient to significantly decrease maximal oxygen consumption rate (OCR) (Figure 3.3H,
representative trace Figure 3.9D). Taken together this demonstrates that PANX1 knock-
down drives H9c2 cells to a more glycolytic state, which mimics the shift seen after
isoproterenol treatment in control cells. Moreover, we performed an ATP production
assay to determine the contribution of mitochondrial and glycolytic ATP production to the
total ATP production rate. We found that isoproterenol treatment of H9c2 rat myoblasts
drives an increase in total ATP production, which is predominantly glycolytic. PANX1-
knock-down similarly significant increases the total ATP production rate through a
significantly higher glycolytic ATP production rate compared to control siRNA treated cells
(Figure 3.3l, Figure 3.9F-H). Though cardiomyocyte metabolism and ATP production was
significantly changed by PANX1 deletion in vitro, intracellular ATP content is not
significantly different (Figure 3.9E). Taken together these data demonstrate a key role for
PANX1 channels in regulating glucose uptake and glycolytic rate in H9c2 cardiomyocytes.
3.8 Panx1 deficiency in cardiomyocytes protects against isoproterenol-induced cardiac
hypertrophy and cardiac dysfunction in non-ischemic heart failure

To examine the role of Panx1 channels in regulating cardiomyocyte function of the
heart under stress, we induced cardiac hypertrophy preceding non-ischemic heart failure
using an established protocol where we repeatedly administered isoproterenol via
intraperitoneal injection for 14 days at a dose of 15mg/kg/day®+1%. We established this
timepoint as an early measure of disease progression, where cardiac hypertrophy is the

predominant phenotype. We performed 2D-echocardiography prior to the beginning of
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the study to collect baseline measurements and then again after 14 days at the model
endpoint (Figure 3.4A). As shown previously, before the start of the treatment Panx1/f
and Panx1MY"¢® mice displayed no overt differences in cardiac function (Figure 3.2B-E) or
weight (Figure 3.10A). Repeated isoproterenol administration resulted in significantly
increased heart weight in Panx1"f mice, but not in Panx1MYH mice (Figure 3.4B, Figure
3.10B). Cardiomyocyte hypertrophy (as measured by cardiomyocyte cross sectional area
by wheat germ agglutinin (WGA) staining) was significantly increased in hearts of in
Panx1%f mice compared with Panx1MYHC® mice after isoproterenol treatment (Figure 3.4C).

Furthermore, treatment with isoproterenol caused significant increases in both
end-systolic and end-diastolic volume of the left ventricle in Panx1?f mice as measured
by echocardiography (Figure 3.4D-F, Figure 3.10H). Panx1™"¢® mice did not have
significant increases in either metric compared to their baseline and had significant less
change compared to Panx1%/f age and sex-matched controls (Figure 3.4D-F, Figure 3.10H).
Finally, Panx1™® mice had a trending decrease in ejection fraction after isoproterenol
treatment, while Panx1IMH had no change (Figure 3.10G). We determined that this
disparity was likely caused by heart-intrinsic functional defects and not systemic vascular
or renal damage, as we observed no differences in blood pressure or serum creatinine
between Panx1"f and Panx1M""¢ mice after treatment with isoproterenol (Figure 3.10C-
F).

Additionally, to assess cardiac fibrosis found at later stages of non-ischemic heart
failure and to examine if Panx1 deficiency would also protect against fibrotic changes and

disease progression, we induced non-ischemic heart failure by administration of
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isoproterenol for 28 days (15/mg/kg/day) by subcutaneous implantation of osmotic pump
(Figure 3.11A). Prolonged isoproterenol treatment caused a significantly greater increase
in Collagen 1 (COL1A1) content in the myocardium of Panx1™f mice compared to
Panx1MHC mice, as determined by immunofluorescence staining (Figure 3.11B).
Moreover, functional analysis by echocardiography revealed that Panx1M"H mice had a
trending higher percent fractional shortening and a significantly decreased wall thickness
compared with age and sex matched Panx1"f controls (Figure 3.11C,D). These findings
indicate a protective effect of cardiomyocyte-specific deletion of PANX1 in the later stages
of non-ischemic heart failure.

These data demonstrate that cardiomyocyte-specific deletion of PANX1 is
cardioprotective against cardiac hypertrophy and interstitial fibrosis during the
progression of non-ischemic heart failure.

3.9 Pathways involved in the immune response and fatty-acid metabolism are down
regulated in the hearts of Panx1""¢¢ mice during non-ischemic heart failure

To elucidate potential mechanisms that are involved in the protection from cardiac
hypertrophy and dysfunction observed in Panx1MWH® mice, we performed bulk RNA-
sequencing on whole hearts of Panx1"/f and Panx1MY"¢ mice after 14-day administration
of isoproterenol. These whole heart tissues contained all cell types known to make-up the
myocardial tissue including cardiomyocytes, endothelial cells, resident and non-resident
immune cells, and fibroblasts predominantly®. We identified 1592 genes which were

significantly differentially expressed between the two genotypes, with 594 genes
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downregulated and 998 upregulated in Panx1M" mice compared to Panx1"/® controls
(Figure 3.5A).

KEGG pathway and GO Term analysis on the differentially expressed genes
identified regulatory pathway families including “hematopoietic cell lineage”, “cell
adhesion molecules”, “B-cell receptor signaling pathway”, and “Rheumatoid arthritis”, all
of which suggested significant changes in molecules associated with immune cell
recruitment and infiltration. Moreover, we identified “fatty acid degradation”, “fatty acid
metabolism”, and “cardiac muscle contraction”, implicating a metabolic shift in the
absence of PANX1 channels or at minimum a greater proportion of functional
cardiomyocytes to the PanxIMM% sample compared with Panx1™f. Furthermore,
identified GO Terms indicated changes in plasma membrane proteins, specifically
transporters and ion channels, as well as “oxidoreductase activity”, “scavenger receptor
activity”, and “hydrolase activity”, implicating the possible shift in the oxidative stress
state.

Further analysis of genes associated with fatty acid beta-oxidation (as identified
through WikiPathways) demonstrated overall decreased expression of this group of genes
in hearts from Panx1MYHC® mice with non-ischemic heart failure, while some genes such as
Lipc (encoding the lipase C hepatic type), were expressed at higher levels (Figure 3.5B).
Interestingly, a lowered reliance on fatty acid beta-oxidation during ischemic stress has
been previously associated with increased cardiomyocyte viability?.

Examination of genes involved in the inflammatory response identified lower

expression of Cd40, I12ra, and /12 in hearts of Panx1MY"¢® mice compared to their Panx1/
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counterparts (Figure 3.5C), suggesting a lower immune cell load in the hearts as CD40 and
IL-2 expression are associated with a wide range of leukocyte populations'®’. Additionally,
we observed lower expression of Lamb1 (encoding Laminin subunit beta 1) and Lama5s
(encoding laminin subunit alpha 5) as well as Vtn (encoding Vitronectin) suggestive of
decreased cell-cell adhesion and fibrosis (Figure 3.5C).

Since PANX1 channel function has been associated with activation of a variety of
purinergic receptors®#%667.19%8 e examined the expression of purinergic signaling
receptors and other associated molecular regulators in our RNA-Seq dataset (WikiPathway
“Purinergic signaling”). We found lower expression of P2yr1, P2rx1, P2ry14, and Adora2a
in hearts of Panx1MYH mice (Figure 3.5D) compared to Panx1%f controls. This finding is
particularly interesting as P2rx1, P2yr14, and Adora2a have all been previously associated
with chemotaxis and activation of immune cells, particularly neutrophils®%10°,

Together these data identify that PANX1 deficiency in cardiomyocytes causes
significant transcriptomic changes in genes associated with inflammation, immune cell
recruitment, metabolism and oxidative phosphorylation, all of which may contribute to
the protection of Panx1MYHt® mice from cardiac hypertrophy and progressive heart failure
in a model of isoproterenol induced non-ischemic heart failure.

3.10 Neutrophil infiltration is significantly blunted in Panx1™"¢ mice during heart
failure induced by isoproterenol

To determine the contribution of cardiomyocytes to the findings of the whole
heart, most notably to the inflammatory state in isoproterenol-injured hearts, we

performed bulk RNA-Seq on the isolated cardiomyocytes from Panx1"f and Panx1MyHCe
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mice after 14-days of isoproterenol administration. We identified 1439 differentially
expressed genes with the majority being downregulated in Panxl-deficient
cardiomyocytes (1037 down, 402 up) (Figure 3.12A). Further analysis of genes associated
with “inflammation response” (WikiPathways) revealed decreased expression of many of
the genes identified as being regulatory in inflammation including Zap70, Lack, Fnl,
Colla2, and multiple cytokine receptors (Figure 3.6A). This was corroborated by the
finding of the GO Terms “immune response” and “immune system process”, which were
significantly enriched with genes downregulated in the isolated cardiomyocyte fraction of
Panx1MYHC mice compared to Panx1"f mice (Figure 3.6A).

To determine whether the observed inflammatory gene regulation patterns was
reflective of perturbed leukocyte recruitment to the hearts of Panx1MH® mice, we
isolated the non-myocyte fractions from the hearts of Panx1% and Panx1MY"¢ mice after
14-day treatment with isoproterenol and examined leukocyte populations by flow
cytometry (representative gating Figure 3.12B). The number of total leukocytes (CD45%)
as well as neutrophils (Ly6g*, CD11b*) were significantly lower in the hearts of Panx1MyHce
mice (Figure 3.6B, C, Figure 3.12B). These findings were confirmed by
immunofluorescence imaging of the left ventricle of hearts from Panx1"f and Panx1MyHc6
mice. In accordance with the flow cytometry data, the number of Ly6g* puncta per field
in the hearts of Panx1M"% mice was significantly lower compared to hearts from Panx1%/f
mice (Figure 3.6D, Figure 3.12C).

Of note, there was no significant difference in the total number of macrophages

(F4/80*, CD11b*) present in Panx1M"H® mouse hearts during non-ischemic heart failure
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(Figure 3.6E, Figure 3.12D). Further analysis of macrophage subsets showed no
differences in macrophages with the co-stimulatory macrophage activation marker CD86
(F4/80*, CD11b*, CD86*), which was confirmed with qPCR on isolated immune cells from
a separate cohort of mice, or macrophages with the anti-inflammatory marker CD163
(F4/80*, CD11b*, CD163*/CD86") (Figure 3.6E, Figure 3.12D, E). Finally, we observed no
differences in dendritic cells (CD11b*, CD24") (Figure 3.6E, Figure 3.12D).

While we did not observe any changes in cell populations, we did find significant
decreased in //1b and Cxcl2, M1 macrophage activation markers, expression in isolated
immune cells from the myocardium of Panx1MHC after 14-day isoproterenol treatment
relative to immune cells isolated from Panx1"f mice (Figure 3.12E). Furthermore, we did
not find detectable levels of Chil3, an M2 macrophage activation marker, in in isolated
immune cells from the myocardium Panx1%® which we were able to observe in isolated
immune cells from Panx1™H¢® mice (Figure 3.12E). Taken together these data,
demonstrate that while cell populations of macrophages have not changed the
inflammatory and activation state of these populations has significantly shifted.

These data demonstrate a critical role for PANX1 expressed in cardiomyocytes in
recruiting immune cells, specifically neutrophils, to the myocardium in response to
chronic beta-adrenergic stimulation. This finding is in line with previous work which
demonstrates that PANX1-dependent ATP release recruits neutrophils to the endothelium

during acute inflammatory disease®’.
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Discussion

The role of ATP, adenosine, and other purinergic signaling molecules as both
autocrine and paracrine signals in the myocardium has long been understood and
exploited clinically, using compounds such as clopidogrel and adenosine!®, However, the
underlying mechanisms for release of purinergic compounds in non-ischemic heart failure
still need to be investigated!!1:112,

To examine the role of PANX1 in cardiomyocytes, we generated a novel mouse with
cardiomyocyte-specific deletion of PANX1 (Panx1™¥H®) We found that Panx1MYHC® mice
shift the baseline metabolic state of their cardiomyocytes toward a more glycolytic
phenotype, concurrent with increased glucose uptake, GLUT4 transporter expression, and
glycolytic ATP production. After isoproterenol-induced non-ischemic heart failure,
PANX1MYHC® mice are protected from pathological cardiac hypertrophy and dysfunction.
We also find that in Panx1MH® mouse hearts during isoproterenol-induced cardiac
hypertrophy there is a decrease in gene expression of fatty-acid beta oxidation- associated
genes. Finally, PANX1 deficiency in cardiomyocytes blunts neutrophil recruitment to the
myocardium during isoproterenol-induced non-ischemic heart failure.

Two previous studies by Adamson et al. and Senthivinayagam et al. found that
deletion of PANX1 in either white or brown adipose tissue exacerbated diet-induced
obesity, specifically by increasing susceptibility to insulin resistance, establishing that
PANX1 plays a critical role in glucose homeostasis in the adipose tissue®*1%, Since

cardiomyocytes are among the most energy-demanding cell types requiring high levels of
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ATP needed for contraction, we examined the role for PANX1 in control of cardiomyocyte
metabolism. We demonstrate that PANX1 deletion induces a metabolic shift in the
cardiomyocyte by priming the cardiomyocyte toward a glycolytic state at baseline.
Consequently, PANX1-deficient cardiomyocytes are less responsive to stress induced by
beta-adrenergic receptor activation. We found a significant increase in Slc2a4 expression
in isolated primary murine cardiomyocytes of Panx1MH mice, which is matched by
increased glucose uptake, glycolytic rate, and glycolytic ATP production in PANX1 knock-
down H9c2 myoblasts in vitro?2. This glycolytic phenotype has previously been observed
in fetal cardiomyocytes and is associated with increased proliferative capacity®22.
Furthermore, increased glucose availability and glycolytic rate in unstressed situations
leads to better outcomes and is associated with increased regenerative capacity after
ischemic/ reperfusion injury?3113,

RNA-Sequencing of isolated cardiomyocytes from Panx1MM¢ gnd Panx1™ mice
with non-ischemic heart failure revealed significantly decreased expression of genes
associated with immune system function. Previous work established that PANX1 deletion
in endothelial cells decreases the immune cell recruitment to the myocardium after a
myocardial infarction, without further specifying a particular immune cell population®®,
We find that deletion of PANX1 in cardiomyocytes decreases overall immune cell
recruitment, which was driven specifically by a significant decrease of neutrophils.
Immune cell recruitment to the myocardium has been shown to exacerbate
cardiomyocyte damage and impairment of myocardial function’®4, Therefore, the

decrease in immune cells in the myocardium of mice with PANX1-deficient
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cardiomyocytes suggests that PANX1 may serve to propagate or initiate the sterile
immune response in the myocardium during times of chronic cardiac stress®. The changes
in gene expression reveal an overall decreased chronic inflammatory state of the
myocardium in Panx1MYH® mice after isoproterenol induced heart failure.

While our observations of neutrophil recruitment by PANX1 are in the context of
isoproterenol-induced non-ischemic heart failure, PANX1 activation in cardiomyocytes
may also be important in ischemic heart failure or after ischemia-reperfusion injury.
Future investigations will elucidate if the effects on neutrophil infiltration attributed to
cardiomyocyte-specific deletion of PANX1 vary by injury type, which will provide
opportunities to develop therapies that are specific to the type of cardiac injury.

ATP is known to serve as recruitment or “find me” signal for immune cells during
inflammation?*>!® and apoptosis®>’. While we do not identify the responsible receptors
on neutrophils, our RNA sequencing data demonstrate that expression of key purinergic
receptors, namely P2X1, P2Y1, and P2Y14; is decreased in the whole heart tissue of
Panx1MYHC® mice during isoproterenol-induced heart failure. Of these P2Y1 and P2Y14 can
be associated with decreased neutrophil recruitment®®. Moreover, we cannot rule out
other purinergic molecules that could be released through PANX1 potentially driving the
neutrophil recruitment. P2Y1 binds ADP which could be generated from local
exonucleases acting on the ATP released via PANX1 or could be released from PANX1 itself.
Furthermore, we see a decreases in ADORA2A which could be attributed to decrease in
neutrophil presence as adenosine released from neutrophils serves to orient neutrophil

migration8®, Additionally, P2Y14 on neutrophils binds UDP-glucose®, which can also be
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released through PANX1%38% Therefore, a combination of signaling molecules released by
PANX1, including ATP and UDP-glucose, may be necessary for the infiltration of
neutrophils into the myocardium during non-ischemic heart failure.

Historically, treatment of heart failure in patients has focused on therapies which
treat the symptoms of the disease, such as edema and dyspnea, rather than directly
targeting cardiac function or preventing functional decline of the cardiac muscle. These
current clinical therapeutic avenues are limited in impacting the immune cell infiltrate or
fibrosis, which are key mechanisms leading to disease progression. Previously clinical
trials have identified that spironolactone, a mineralocorticoid receptor antagonist (MRA)
and PANX1 blocker, can improve patient outcomes in both all-cause mortality and
sudden cardiac death in patients with established disease over a placebo®7%73,
However, the understanding for why this therapy is more beneficial than others in
lowering blood pressure is not yet well understood. Our findings demonstrate that
deletion of PANX1 in cardiomyocytes improves cardiac function and decreases cardiac
hypertrophy as measured by echocardiography. We find that Panx1"f mice have
significant increases in left ventricular end-diastolic and end-systolic volume in
isoproterenol induced heart failure. Conversely, Panx1M"¢® do not have any significant
increase, and the percent change from baseline in left ventricular volume at both these
points is significantly less than their Panx1"® counterparts. With this in mind, we
speculate that one secondary mechanism of action for spironolactone in heart failure
may be PANX1 channel blockade. PANX1 channel blockade globally may improve patient

outcomes by preventing immune cell recruitment, as has been shown in multiple mouse
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models®”117.118 Fyrthermore, modulating cardiomyocyte metabolism to increase glucose
uptake may prevent an energy imbalance which is thought to be a driving factor in
cardiac muscle function decline. Additionally, the decreased immune cell recruitment
may explain why patients with lower natriuretic peptide levels see greater benefit from
spironolactone therapy compared to their more diseased counterparts’?. PANX1
blockade is effective in preventing immune cell infiltration, but has not been shown to
reverse previously sustained damage which is more severe in patients with a higher
disease burden’®,

Taken together our study illustrates how PANX1 deletion in cardiomyocytes
protects against the progression of non-ischemic heart failure. We demonstrate that
PANX1 channel opening can be induced by beta-adrenergic receptor stimulation in
cardiomyocytes. Cardiomyocyte-specific deletion in mice (Panx1™H) impacts their
cardiac glycolytic metabolism, which we attribute to a higher expression of S/c2a4 and
increased glucose uptake. Panx1MWH® mice are protected from isoproterenol-induced
non-ischemic heart failure and cardiac hypertrophy, which we demonstrate to be at least
in part due to a decrease in neutrophil recruitment. Our findings identify PANX1 in
cardiomyocytes as a therapeutic target to prevent severe cardiac tissue damage in non-
ischemic heart failure, which may also be relevant for developing therapies targeted at
PANX1 for other forms of heart failure such as HFpEF.

Limitations
Our study is limited by the ability to discern the metabolite or metabolites released

through PANX1 activation in vivo which results in neutrophil infiltration. Further, we
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understand that our model is limited in that it does not examine the role for PANX1 in
ischemic injury or the context of ischemia reperfusion injury which can both cause heart
failure. We utilize a novel mouse which has constitutive deletion PANX1, therefore we are
unable to determine the role for PANX1 in initiation versus the progression of disease.
Finally, we use a non-contractile cell line for our in vitro studies which does not fully

recapitulate the in vivo physiology of the myocardium.
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H9c2 were transfected with either control or Panx1-targeting siRNA for 72 hours
and extracellular concentration of ATP was measured after 15 minutes of
stimulation with isoproterenol (ISO) (2 and 20uM) or vehicle control. (N=4)

Flow cytometric analysis of Yo-Pro-1 dye uptake by control of Panx1-targeting
siRNA treated H9c2 cells after stimulation with 20uM ISO (gated for live, annexin
V- cells). (N=4)

H9c2 cells were pretreated with spironolactone (50uM), or vehicle control and
extracellular ATP levels were measured after 15 minutes of stimulation with
isoproterenol (ISO) (2 and 20uM). (N=4)

Yo-Pro-1 dye uptake by H9c2 cells treated with isoproterenol (20uM) after
pretreatment with spironolactone, carbenoxolone (CBX), or probenecid at the
listed concentrations. (N=4)

Data are represented as mean =+ standard error of the mean (SEM). Data shown
are representatives of 2 independent experiments. Significance determined
using One-way ANOVA (A, B, C, D) with Sidak’s multiple comparison test for post-
hoc analysis for comparisons between individual groups. ns = not significant See

also S1 in reference to figure 1.
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A) Confocal micrographs of cardiomyocyte-rich whole heart sections from 12-week-
old male Panx1"fand Panx1MYH mice. Knockout of PANX1 in cardiomyocytes
was assessed using immunofluorescent staining. Cardiac troponin T (cTnnt) was
used to stain cardiomyocytes; DAPI was used as a nuclear stain. Left,
representative micrographs with insets showing PANX1 punctate; middle,
average Panx1 fluorescence intensity for individual mice; right, fluorescence
intensities for individual micrographs showing demonstrating of PANX1 signal.
(Panx1f/f N=4 mice N=13 images, Panx1MYH¢ N=3 mice N=9 images, 3-5 images

per mouse averaged).

B) End-diastolic volume C) End-systolic volume D) Ejection fraction and E) Wall
thickness were measured in anesthetized 8- to 10-week-old male Panx1%/f and
Panx1MYM% mice using in vivo 2D-echocardiography. (Panx1™f N= 9 mice,
Panx1MvHC6 N=8)

Data represented as mean + SEM. Significance was determined by Welch’s t-test
(A-E).

ns = not significant. See also S2 in reference to figure 2.
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Figure 3.3: Figure 3: Pannexin 1 deletion shifts cardiomyocyte metabolism from
oxidative phosphorylation to glycolysis both in vivo and in vitro
A) Quantification of uniquely expressed genes from bulk RNA-Sequencing of
isolated cardiomyocytes from untreated 12-week-old male Panx1™ and
Panx1MYHCe mice.
B) Volcano plot of differentially expressed genes with a cut off of p < 0.05.

Individual genes are indicated with gene name and arrow.

C) Heatmap showing relative gene expression of glycolysis associated genes from

isolated cardiomyocytes of untreated Panx1?/f and Panx1M""¢ mice plotted as

52

the Log; (fold change) from Panx1™"f mouse. Purple heatmap represents -log(p-

value) of two-tailed t-tests comparing fold change of Panx1/f and Panx1MYHCe,

(Panx1f/f N=3 mice, Panx1M¥"¢® N=3 mice)

D) Glucose uptake as measured by 2NBD-glucose fluorescence intensity of control

or Panx1-targeted siRNA treated after 1 hour ISO (20uM) stimulation. (N=4)

E) Phenogram of bioenergetic profile of control siRNA treated H9c2 cells reveals a

shift to more glycolytic phenotype after ISO treatment. siRNA mediated PANX1

knock-down demonstrates a more glycolytic phenotype without ISO stimulation

which is only minimally shifted after ISO treatment.

F) Quantification of Basal extracellular acidification rate (ECAR) and

G) Maximal ECAR of control of Panx1-targeted siRNA treated H9c2 cells after

stimulation with either vehicle or ISO (20uM) for 1 hour. (N=5)
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H) Maximal OCR of control of Panx1-targeted siRNA treated H9c2 cells after
stimulation with either vehicle or ISO (20uM) for 1 hour. (N=5)

I) Phenogram of ATP production of control siRNA treated H9c2 cells reveals a shift
to more glycolytic phenotype after ISO treatment. siRNA mediated PANX1 knock-
down demonstrates a more glycolytic phenotype without ISO stimulation which
is not shifted after ISO treatment.

Data represented as mean + SEM. Significance determined using One-way ANOVA (D, F-
H) with Sidak’s multiple comparison test for post-hoc analysis for comparisons between

individual groups. ns = not significant. See also S3 in reference to figure 3.
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Schematic of experimental model of isoproterenol induced non-ischemic heart
failure.

Normalized heart mass from 10-12-week-old Panx1/f or Panx1“YH¢ mice
treated for 14 days with isoproterenol (15 mg/kg/day), or saline control
normalized to tibial length. (Saline: Panx1™/f N=9, Panx1M'"¢ N= 8; Isoproterenol
Panx1™/f N=11, Panx1M¥HC6 N= 9)

Representative confocal micrographs of wheat germ agglutinin (WGA) staining at
20X (Left) and 60X (Right) from Panx1%/® or Panx1MYHC® mice treated with
isoproterenol for 14 days. Cardiomyocyte cross sectional area was calculated
from WGA. (Panx1™f N=4 mice, Panx1M/"¢® N=4, data points represent average
of 50 cells per mouse).

Representative M-mode images of Panx1?/f mice or Panx1MY"C6 after 14 days of
isoproterenol treatment, visualized by 2D echocardiography.

Left, paired analysis of left ventricle end-systolic volume (uL) pre- and post-
isoproterenol treatment; right, percent change from baseline after isoproterenol
treatment. (Panx1™/fl N=8, Panx1MYHCé N=9)

Left, paired analysis of left ventricle end-diastolic volume (uL) pre- and post-
isoproterenol treatment; right, percent change from baseline after isoproterenol
treatment. (Panx1™/fl N=8, Panx1MYHCé N=9)

Data represented as mean %+ SEM. Significance determined using One-way
ANOVA (B with Sidak’s multiple comparison test for post-hoc analysis for

comparisons between individual groups; Student’s t-test (C) and Welch’s t-test
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(E, F) was used for comparison between two groups. Significance of paired data
was determined using Mixed effects analysis (E, F) with Sidak’s multiple
comparison test for post-hoc analysis for comparisons between timepoints. ns =

not significant. See also S4, S5 in reference to figure 4.
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Quantification of differentially expressed genes identified in bulk RNA-
Sequencing between whole hearts of Panx1?/f and Panx1M"H¢® mice after 14 days
of isoproterenol treatment. Differentially expressed gene determined by cut off
of p < 0.05. Significantly changed, as determined by cut off of p < 0.05, KEGG
Pathways and Gene Ontology (GO) Terms identified from differentially expressed
genes plotted as ordered by -log(p-value).

Heatmap demonstrating genes identified in WikiPathways “Inflammatory
response”.

Heatmap demonstrating genes identified in WikiPathways “Fatty acid oxidation
and Fatty acid beta-oxidation”.

Heatmap demonstrating genes identified in WikiPathways “Purinergic signaling”.
Gradient plotted as Logz(Fold Change) of Panx1MVHC compared to Panx1™/f,

(Panx1™/ N=5, Panx1M¥HCe N=4)
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Heatmap demonstrating genes identified in WikiPathway “Inflammatory
response”. Gradient plotted as Logz(Fold Change) of Panx1MH% jsolated
cardiomyocytes after 14-days of isoproterenol treatment compared to Panx1™/f,
Significantly decreased, as determined by cut off of p < 0.05, GO terms in
Panx1MYM cardiomyocytes compared with Panx1/f cardiomyocytes. (Panx1/f
N=4, Panx1MYHC® N=4 mice).

Flow cytometric analysis of CD45* cells as a percentage of total live cells isolated
from Panx1%/f and Panx1MY" hearts after 14-days of isoproterenol treatment as
identified. Representative histograms of the CD45 populations from live parent
gate. (Panx1™/f N=8, Panx1MYHC® N=8 mice)

Flow cytometric analysis of neutrophils (CD11b*, Ly6g*) as a percentage of the
CD45* cells in Panx1™f and Panx1MYH¢ hearts after 14-days of isoproterenol
treatment. Representative plots of the identified neutrophils from Panx1?/f and
Panx1MVHC mice hearts. (Panx1?/f N=8, Panx1M¥"¢ N=8 mice)

Representative confocal micrographs of Ly6g staining at 60X from Panx1™ and
Panx1MYHC® mice treated with isoproterenol for 14 days. Ly6g was used to stain
neutrophils; DAPI was used as a nuclear stain. Quantification of number of
neutrophils, Ly6g* puncta, per 60X field in whole heart tissue from Panx1/f and
Panx1MYM% mice after 14-days of isoproterenol treatment. (Panx1/f N=8,
Panx1MYHC® N=9 mice, 3-5 images per mouse averaged)

Flow cytometric analysis of macrophages (CD11b*, F4/80*) as a percentage of

CD45* cells from Panx1/f and Panx1MYHCé hearts after 14-days of isoproterenol
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treatment. Macrophages expressing the co-stimulatory activation marker
(CD86*) and macrophages expressing the anti-inflammatory marker (CD163*,
CD86') as a percentage of the macrophages (CD11b*, F4/80%). Flow cytometric
analysis of dendritic cells (DC) (CD11b*, CD24*) as a percentage of CD45" cells
from Panx1%/f and Panx1M" hearts after 14-days of isoproterenol treatment.
(Panx1f/f N=6, Panx1MYHCé N=6 mice)

Data represented as mean % SEM. Significance determined using Welch’s t-test
(B, C, D, E) was used for comparison between two groups. ns = not significant.

See also S6 in reference to figure 6.
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Figure 3.7:

A)

B)

o)

D)

Left, quantification from confocal micrographs of Panx1 in control siRNA and
Panx1-targeted siRNA in H9c2 cells after 72 hours of treatment for mean
fluorescence intensity. Cardiac troponin T (cTnnt) was used to stain
cardiomyocytes; DAPI was used as a nuclear stain. Right, secondary only controls
included for cTnnt and Panx1 staining. (N=4)

Relative mRNA expression of Panx1 (18S) in vehicle, control siRNA, and Panx1-
targeted siRNA treated H9c2 cells after 48 hours of treatment (Vehicle N=4,
Control siRNA N=5, Panx1 siRNA N=5).

H9c2 rat myoblasts were transfected with control or Panx1-targeted siRNA for 72
hours. LDH was measured after stimulation with ISO (2 or 20 uM), phenylephrine
(10 uM), or vehicle control as a proxy for cell death. All data was normalized to
the absorbance of the vehicle control. (N=5)

Gating scheme for the identification of Yo-Pro-1 positive H9c2 rat myoblasts.
Data represented as mean + SEM. Significance determined using Student’s t-test
(A) or One-way ANOVA (B) with Sidak’s multiple comparison test for post-hoc
analysis for comparisons between individual groups. * p < 0.05, ns = not

significant
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Figure 3.8:

A)

B)

o)

D)

E)

F)

G)

H)

Genomic DNA from PCR for Panx1 in heart of Panx1"/f and Panx1M"® mouse with
null band present in Panx1WH® heart. Panx1 null band absent from genomic DNA
from PCR for Panx1 in heart of Panx1"f and from liver or kidney of Panx1?/f and
Panx1MHCe mice.

Relative mRNA expression of Panx1 (Hprt) in isolated cardiomyocytes from
untreated Panx1?f and Panx1IMH mice. (Panx1™f N=6, Panx1MYHc® N=6)

Relative mRNA expression of Panx1, Panx2, Panx3, Gjal (Cx43), Gja5 (Cx40) in
isolated cardiomyocytes from untreated Panx1"f and Panx1MYHC® mice. (Panx1,
Panx2: Panx1%/f N=6, Panx1M¥"¢6 N=8; Gjal, Gja5: Panx1//f N=5, Panx1MYHCé N=8)

Kidney weight as a percentage of body weight of 12-week-old male untreated
Panx1?fand Panx1MYHCe mice. (Panx1™/f N=6, Panx1MYHCé N=5)

Lung weight as a percentage of body weight of 12-week-old male untreated
Panx1”fand Panx1MYHCé mice. (Panx1™/f N=6, Panx1MYHCé N=5)

Body mass of 12-week-old male untreated Panx1?/f and Panx1MYH® mice.
(Panx1f/f N=10, Panx1MYHC6 N=9)

Tibial length of 12-week-old male untreated Panx1/f and Panx1M¥H® mice
measured with manual calipers. (Panx1%/f N=6, Panx1MYH¢6 N=5)

24-hour average heart rate measured by radio telemetry for 5 days averaged in
12-week-old male saline treated (14 days i.p.) Panx1"f and Panx1MYHC® mice.

(Panx1™/ N=3, Panx1M¥HCe N=3)
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24-hour average diastolic blood pressure measured by radio telemetry for 5 days
averaged in 12-week-old male saline treated (14 days i.p.) Panx1?/fand Panx1MvHce
mice. (Panx1"/f N=3, Panx1VHCe N=3)

24-hour average systolic blood pressure measured by radio telemetry for 5 days
averaged in 12-week-old male saline treated (14 days i.p.) Panx1?/fand Panx1MvHce
mice. (Panx1"/f N=3, Panx1HCe N=3)

24-hour average mean arterial pressure measured by radio telemetry for 5 days
averaged in 12-week-old male saline treated (14 days i.p.) Panx1?/fand Panx1MvHce
mice. (Panx1"/f N=3, Panx1¥HCe N=3)

Representative images of short-axis B-mode and M-mode 2D echocardiography of
Panx1™f and Panx1“YHC mice prior to the beginning of isoproterenol injections.
Data represented as mean + SEM. Significance determined using Student’s t-test
(B-J).

ns = not significant
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Figure 3.9:

A)

B)

o)

D)

E)

Significant, as determined by a cutoff of p < 0.05, GO Terms identified from the
differential gene expression in isolated cardiomyocytes of untreated Panx1"f and
Panx1MYHCe mice. (Panx1™/f N=3, Panx1MYHC6 N=3)

Significant, as determined by a cut off of p < 0.05, KEGG pathways identified from
the differential gene expression in isolated cardiomyocytes of untreated Panx1"/f
and PanxIMYHCe mice. (Panx1/f N=3, Panx1MYHCe N=3)

H9c2 cells were transfected with either control or Panx1-targeting siRNA and
treated with either vehicle or ISO (20uM) for 1 hour. Extracellular acidification was
measured after the addition of glucose, oligomycin (oligo), and 2-deoxyglucose (2-
DG). (N=5)

H9c2 cells were transfected with either control or Panx1-targeting siRNA and
treated with either vehicle or ISO (20uM) for 1 hour. Oxygen consumption rate
was measured after the addition of oligomycin (oligo), BAM15, and antimycin A
and rotenone. (N=3-6)

H9c2 cells were transfected with either control or Panx1-targeting siRNA for 72
hours and intracellular concentration of ATP was measured. (N=5)

H9c2 cells were transfected with either control or Panx1-targeting siRNA and
treated with either vehicle or ISO (20uM) for 1 hour. F) Total ATP, G) Mitochondrial
ATP, H) Glycolytic ATP production was measured by proton extrusion rate after

the addition of oligomycin (oligo), and antimycin A and rotenone. (N=5-6)
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I) Heatmap showing relative gene expression of predominate GLUT isoforms in
isolated cardiomyocytes of untreated Panx1?/f and Panx1M""¢ mice plotted as
the Log; (fold change) from Panx1™"f mouse. Purple heatmap represents -log(p-
value) of two-tailed t-tests comparing fold change of Panx1/f and Panx1MYHCe,
(Panx1f/f N=3 mice, Panx1M¥"¢® N=3 mice)

Data represented as mean + SEM. Significance determined using Student’s t-test
(E). One-way ANOVA (F-H) with Sidak’s multiple comparison test for post-hoc

analysis for comparisons between individual groups. ns = not significant
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Figure 3.10:

A)

B)

o)

D)

E)

Body weight of Panx1™"fand Panx1MYH mice treated with isoproterenol (15
mg/kg/day) or saline control for 14 days. (Saline: Panx1™/f N=9, Panx1MH¢6 N= ;
Isoproterenol Panx1?/f N=11, Panx1MYH¢6 N= 9)

Normalized heart weight as a percentage of body weight of Panx1?/f and
Panx1MHC mice treated with isoproterenol (15 mg/kg/day) or saline control for
14 days. (Saline: Panx1%/f N=9, Panx1M¥H¢ N= 8; Isoproterenol Panx1™/f N=11,
Panx1MHC6 N=9),

24-hour average systolic blood pressure measured by radio telemetry for 5 days
averaged in Panx1"/f and Panx1M"® mice treated with isoproterenol (15
mg/kg/day) or saline control for 14 days. (Saline: Panx1™/f N=3, Panx1M"¢6 N= 3;
Isoproterenol Panx1™f N=4, Panx1MH¢6 N= 4)

24-hour average diastolic blood pressure measured by radio telemetry for 5 days
averaged in Panx1"/f and Panx1M"® mice treated with isoproterenol (15
mg/kg/day) or saline control for 14 days. (Saline: Panx1™/f N=3, Panx1M"¢6 N= 3;
Isoproterenol Panx1?/f N=4, Panx1M/HC6 N= 4)

24-hour average mean arterial pressure measured by radio telemetry for 5 days
averaged in Panx1"/f and Panx1M"% mice treated with isoproterenol (15
mg/kg/day) or saline control for 14 days. (Saline: Panx1™/f N=3, Panx1MH¢6 N= 3;

Isoproterenol Panx1™f N=4, Panx1MH¢6 N= 4)
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G)

H)
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Serum creatinine in Panx1"/f and Panx1“YHC mice treated with isoproterenol (15
mg/kg/day) or saline control for 14 days. (Saline: Panx1%/f N=3, Panx1M"¢6 N= 3;
Isoproterenol Panx1%/f N=4, Panx1MYHC6 N= 4)

Left, paired analysis of left ventricle ejection fraction (%) pre- and post-
isoproterenol treatment; right, percent change from baseline after isoproterenol
treatment. (Panx1™/fl N=9, Panx1MYHCE N=8)

Representative images of short-axis B-mode and M-mode 2D echocardiography of
Panx1?f and Panx1MYHC® mice treated with isoproterenol (15 mg/kg/day) for 14
days.

Data represented as mean + SEM. Significance determined using One-way
ANOVA (A-F) with Sidak’s multiple comparison test for post-hoc analysis for
comparisons between individual groups. Significance of paired data was
determined using Mixed effects analysis (G) with Sidak’s multiple comparison
test for post-hoc analysis for comparisons between timepoints. ns = not

significant
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Figure 3.11:

A)

B)

o)

D)

Schematic of experimental design for osmotic pump implantation for
isoproterenol treatment for 28 days continuous administration (15
mg/kg/day) in Panx1?f and Panx1M/H¢ mice.

Quantification of confocal micrographs of Collagen 1al for intensity (mean
fluorescence intensity) and percent area (20X field) after 28 days of
isoproterenol administration in 8-10-week-old male Panx1"/f and Panx1MyHc6
mice. (Panx1%/f N=3, Panx1MYHCé N=3)

Fractional shortening as measured by echocardiography after 28 days of
isoproterenol administration in 8-10-week-old male Panx1"/f and Panx1MyHc6
mice. (Panx1/f N=7, Panx1MYHCé N=8)

Wall thickness of combined anterior and posterior wall of the left ventricle
(mm) after 28 days of isoproterenol administration in 8-10-week-old male
Panx1¥/f and Panx1MYHC® mice. (Panx1f/f N=7, Panx1MyHCe N=8)

Data represented as mean + SEM. Significance determined using Student’s t-

test (B-D).
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Figure 3.12:

A)

B)

o)

D)

E)

Venn Diagram of the quantification of significantly increased (left, red), total
(middle), and decreased (right, blue) differentially expressed genes, as
determined by a cut off of p < 0.05, in isolated cardiomyocytes from Panx1"/f
and Panx1MYH¢® mice treated with isoproterenol for 14 days (15 mg/kg/day).
Gating scheme and representative gates for the identification of CD45" cells from
the non-myocyte fraction of mouse myocardial tissue.

Confocal micrographs of secondary only controls from cardiac sections from
Panx1%/f and Panx1M"% mice treated with isoproterenol (15mg/kg/day) for 14
days. Sections were stained with secondary antibody Goat anti-donkey Alexa
Fluor 647; DAPI was used as a nuclear stain.

Flow cytometric analysis with representative gates for the identification of
macrophages (CD11b*, F4/80%), macrophages expressing the co-stimulatory
activation marker CD86 (CD86*), macrophages expressing the anti-inflammatory
M2 marker (CD163*). Flow cytometric analysis with representative gates for the
identification of dendritic cells (CD11b*, CD24*) from the CD45* cells of the non-
myocyte fraction of the myocardium of Panx1™/f and Panx1MYH¢ mice treated
with isoproterenol for 14 days (15 mg/kg/day).

Relative mRNA expression (Hprt) of Cd86, Il1b, Cxcl2, and Chil3 in isolated
immune cells from the myocardium of Panx1f and Panx1YHC® mice treated

with isoproterenol for 14 days (15 mg/kg/day). (N=4)
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Data represented as mean £ SEM. Significance determined using Student’s t-test

(E).
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Chapter 4: Oxidized Lipids and Sex-dependent differences in a murine model of heart
failure with preserved ejection fraction

Abstract: Heart failure with preserved ejection fraction (HFpEF) is the predominant form
of heart failure, yet its treatment is largely limited due to the lack of therapeutics and
multifactorial nature of the disease. We sought to explore the role of oxidized
phospholipids (oxPLs) in HFpEF induced by high fat high sucrose (HFHS) feeding as model
of cardiometabolic HFpEF. OxPLs have been shown to play key roles cardiovascular
disease including atherosclerosis and non-alcoholic fatty liver disease, and lowering
oxPLs using over expression of scFv-E06, a naturally occurring IgM which decreases
plasma oxPL levels, was protective against disease onset and progression. We induced
cardiometabolic HFpEF in male mice with 16 weeks of HFHS feeding and find increases in
end-diastolic volume as well as development of insulin resistance. We then sought to
reduce plasma oxPLs using a previously established AAV8-scFv-E06 system, which
protected mice against increased end-diastolic volume and significantly reduced heart
size. We demonstrate that systemic expression of scFv-EQ6 has differing roles in heart
and kidney damage incurred during cardiometabolic HFpEF using bulk RNA-sequencing.
Finally, we determine that these transcriptomic changes are sex-dependent in our model
especially as it pertains to oxidative phosphorylation and inflammation in multiple organ
systems. All together our data elucidates another layer to the complexity of
cardiometabolic HFpEF by not only implicating an important role for oxPLs in disease
onset, but further by demonstrating that at the transcriptional level there are disparate

effects of scFv-EO6 on the disease mechanism on the basis of biological sex.



80

Introduction

4.1 Oxidized Lipids in Cardiovascular Disease: Lipids are central mediators of cellular
health; in their many formats they serve as both a fuel source as well as integral
membrane components. Phospholipids are a specialized lipid which is composed of a
phosphate attached to a glycerol making the head group which then has two hydrophobic
fatty-acyl tails. The two tails can contain a variety of carbon-chain lengths and functional
groups, which can make these chains saturated or unsaturated. Unsaturated tails are
susceptible to oxidation, either from enzymatic processes or free radicals generated as
part of reactive oxygen species created during oxidative stress!!. Phosphocholine
containing species create the greatest proportion of phospholipids in the serum, with
many oxidized phospholipids species which can be made from this parent molecule
(oxPCs)*?°,

There is evidence from several studies in mice that decreasing plasma oxPLs is
protective against cardiometabolic diseasing including atherosclerosis, non-alcoholic fatty
liver disease, and ischemia reperfusion injury in the heart?"123, Decreasing plasma oxPLs
in mice has previously been mediated by overexpression of a naturally occurring mouse
IgM — EO6 using a genetic or viral vector model*?2124, EQ6 has been described to bind to
the PC head group of oxPLs only once oxidized and to be specific to the PC head group
and not other common species such as phosphorylserine. The specificity of the peptide
has been described both in vitro and in vivo by validating that non-oxidized PC species are

not decreased in mice with E06 over expression!?*126, QOverexpression of E06 has
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previously been done using either a mouse with constitutive overexpression of the
peptide or through delivery of an AAV which has a Cre-dependent expression system
developed by Upchurch et al'?4'22, Furthermore, AAV mediated delivery of E06 was
shown to be protective against both the onset and the progression of NAFLD, making it a
useful tool to understand the impact of oxPLs in disease onset but also from a therapeutic
avenuel??,

Previous work has demonstrated that oxPLs play many important roles in
cardiovascular disease including in endothelial cells as mediators of cell death and
angiogenesis, in macrophages as differentiation factors driving metabolism, in smooth
muscle cells driving phenotypic switching, and in cardiomyocytes during ischemia
reperfusion injury'?3127-130_ Treatment of endothelial cells in vitro with oxPAPC, a mixture
of oxPLs made from oxidation of 1-palmitoyl-2-arachidonoyl-snphosphatidylcholine, in
concert with TNFa mitigates expression of VCAM and ICAM, markers of endothelial cell
activation??’. Moreover, co-treatment of mice with oxPAPC in vivo at the time of LPS
induced lung injury reduced vascular leak and improved metrics of endothelial barrier
function!3°. Conversely, in smooth muscles cells in culture treatment with oxPAPC lead to
dedifferentiation with decreased expression of alpha-smooth muscle actin and mouse
models of atherosclerosis with overexpression of scFv-E06 demonstrate the beneficial
effect of decreasing oxidized phospholipid levels'?1124128 |n macrophages, treatment with
oXPAPC results in the induction of a unique macrophage class, Mox, which is less

metabolically active and primed for antioxidant capacity!?>31, This can be driven to a

more M1 inflammatory phenotype with treatment of truncated oxidized lipid species such
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as those which are more abundant in obese adipose tissue'?°. Finally, in cardiomyocytes
overexpression of scFv-E06 using a transgene on an Ld/r’- background reduced infarct size
and cardiomyocyte death induced by multiple classes of oxPLs!?3,

In total, these studies demonstrate the wide and complex functions of oxidized
phospholipids both in vivo and in vitro. Further, this body of literature dissects that the
impacts of oxPLs is cell type specific and can yield both pro- and anti-inflammatory effects
which are both system and disease dependent. This leaves many open questions about
the role for oxPLs in chronic and multi-organ disease which may have both diverging
impacts at the cellular level as well as shifting ranges of individual lipid species.

4.2 Heart Failure with Preserved Ejection Fraction and Cardiometabolic Syndrome:

As previously discussed, heart failure can be divided in to two sub-classes: heart
failure with preserved ejection fraction (HFpEF) and heart failure with reduced ejection
fraction (HFrEF). HFpEF can be even further sub-divided in three phenotypes:
cardiometabolic, renal, and age-induced, as demonstrated both at the patient and the
sequencing level and these all demand type specific therapies at least to some
degree®327134 While these three sub-groups have some degree of overlap,
cardiometabolic HFpEF which is HFpEF that is initiated and propagated by
cardiometabolic co-morbidities such as type-two diabetes, hypertension, and obesity is
the most predominate?®132,

Cardiometabolic HFpEF is a complex multi-organ disease dominated by diastolic
dysfunction and hypertrophy of the heart, glucose intolerance and insulin resistance,

and chronic inflammation3>. Over time these systemic stressors cause a shift in
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cardiomyocyte metabolism which results in an ATP deficit similar to that which is
observed in HFrEF'3>, This energy insufficient results in fuel source switching and when
left unchecked results in cardiomyocyte death, which in turn causes interstitial fibrosis
and myocardial stiffening. Previous work in a “3-hit” model to recapitulate the
multifaceted HFpEF phenotype in humans demonstrated that ketone supplementation in
mice was able to reduce functional metrics of HFpEF including improving running
endurance as well as reducing interstitial fibrosis3®. In addition, the only proven therapy
for HFpEF patients is SGLT2 inhibitors which reduces risk of hospitalization independent
of diabetes status?.

In addition to the strong indicator for dysregulation in cardiac metabolism,
inflammation is known to play a major role in HFpEF. In patients with HFpEF, circulating
levels of c-reactive protein, IL-1, and TNFa are increased?3”/138 and differentially
regulated compared with HFrEF patients. Furthermore, in human biopsies from HFpEF
patients an inflammatory cell type which produces TGFB has been well described*. In
the two hit "LNAME + high fat diet” mouse model of HFpEF, the unfolded protein
response and ER-damage/ stress has been implicated by multiple groups, which is also
known to play a major role in inducing the sterile inflammatory response!.

These findings demonstrate that cardiometabolic HFpEF is a multifactorial
disease which is driven not only at the level of the heart, but also has a strong systemic
component. This opens the doors for a systemic therapy which impacts not only the
myocardium but also improves metabolic syndrome co-morbidities and reduces

inflammation in order to mitigate disease burden.
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4.3 Brief Summary of Chapter: Here we demonstrate that 16 weeks of HFHS feeding in
male albumin-cre mice is able to induce a cardiometabolic HFpEF phenotype. We
express scFv-EQ6 in these mice using a previously established AAV8-DIO-E06 construct
and find that scFv-EQ6 is protective against cardiac and metabolic dysfunction. Mice
expressing scFv-E06 have no significant change in end-diastolic volume compared to
chow controls, as well as smaller hearts. Furthermore, RNA-sequencing in the hearts and
kidneys of a mixed sex-cohort demonstrates that scFv-E06 expression has systemic
effects on the transcriptomes of these organs including changes in fibrosis and
inflammation. Additionally, these studies revealed that scFv-EQ6 expression has sex-
dependent effects on these organs. All together, these studies indicate an important

role for oxidized phospholipids in the initiation of cardiometabolic HFpEF.
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Results:

4.4 High fat high sucrose (HFHS) feeding as a model of Heart Failure with Preserved
Ejection Fraction (HFpEF): HFpEF has been historically challenging to model in a murine
system as the disease is complex with several parameters being self-reported in the
human condition. Murine models need to encompass not only the cardiac function, but
also represent the multi-organ damage which is a classic hallmark of the cardiometabolic
HFpEF phenotype. Furthermore, HFpEF is being further characterized as the different
disease-causing mechanisms are being more thoroughly investigated in human patient
populations. In order to understand the ability of HFHS feeding to mimic the human
condition, we characterized the effect of HFHS in male Albumin-cre mice injected with
AAV8-CMV-GFP and fed chow or HFHS for 16 weeks. Male mice were subject to serial
echocardiography starting prior to the induction of feeding and then every two weeks
following for the duration of the diet. At the conclusion of the study, cardiac MRI was
performed to assess more detailed diastolic function which is not able to be determined
via 2D imaging methods. Cardiac MRI analysis of ejection fraction revealed that mice fed
HFHS diet for 16 weeks had no significant changes compared with age-matched virus-
matched control mice (Figure 4.1A). While ejection fraction was not significantly changed,
end-diastolic volume (EDV) of the left ventricle (LV) was significantly increased by HFHS
feeding (Figure 4.1B). Finally, we find that while total heart mass normalized to tibial
length is not significantly changed, there is a trending though not statistically significant
increase with HFHS in LV mass as measured by cardiac MRI after HFHS feeding (Figure

4.1C, D).
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Additionally, we find that HFHS feeding induces a significant increase in fat mass
compared with chow control fed mice, which is concurrent with a significant increase in
gWAT mass (normalized to total body weight) after HFHS feeding (Figure 4.1E, F). Other
organ weights including liver, kidney, and spleen were not significantly changed by HFHS
feeding (data not shown). Furthermore, we measured metabolic parameters expected to
be impacted by HFHS feeding. While GTT area under the curve (AUC) measurements in
male GFP-expressing mice were not significant changed, ITT AUC was significantly reduced
by HFHS feeding (Figure 4.1 G). Fasting blood glucose was not significantly changed by
HFHS feeding (data not shown).

Taken together this data indicates that HFHS feeding is sufficient to induce an
insulin resistant phenotype. Furthermore, our data demonstrates that HFHS feeding
induces increases in heart mass and LV-volume which are concurrent with hypertrophy.
Finally, we observe that HFHS feeding significantly increases fat mass at both the whole
body and gonad specific depot levels.

4.5 Systemic svFv-E06 expression drives protective effects in the heart, liver, and kidneys
of mice feed an HFHS diet:

In order to understand the role for oxPLs in HFpEF we used an AAV8-DIO-EQ6 virus
which had been previously established in the lab to express scFv-E06 systemically in mice
in an inducible manner. Previous work has demonstrated that administration of AAVS8-
DIO-E06 driven by albumin Cre expression is sufficient to induce EO6 expression in the liver
after 2 weeks post injection'??. The expression of scFv-E06 is then found in the liver and

plasma of mice up to 14 weeks post-injection, with plasma levels reaching an average of
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40 pg/mL at 14 weeks after injection. We confirmed the expression by mRNA in the liver
of mice fed HFHS diet for 16 weeks and find that EO6 transcripts are significantly increased
after HFHS feeding similar to previously described.

We characterized the cardiac function of male mice expressing scFv-E06 compared
with GFP controls all fed HFHS using cardiac MRI. scFv-EQ6 did not significantly change
ejection fraction compared with GFP or with mice expressing scFv-E06 fed a chow diet
(Figure 4.2A). While HFHS feeding in mice expressing GFP resulted in significantly
increased LV EDV compared with chow fed controls, scFv-EQ6 expression was sufficient to
protect against this increase. Furthermore, mice expressing scFv-E06 had a trending
decrease (p=0.1) compared with GFP controls both fed a HFHS diet (Figure 4.2B). We
compared the heart mass normalized to tibial length and find that after HFHS scFv-EO6
expression protects mice with a significantly smaller total heart mass (Figure 4.2C). Finally,
we compared the LV mass as calculated from cardiac MRI and find that compared with
GFP controls, scFv-EO6 drives a significant decrease in LV mass which is concurrent with
the decrease in total heart mass (Figure 4.2C).

While we find that scFv-E06 protects mice from changes in heart mass and LV
dysfunction induced by HFHS feeding, body mass and total weight gain were not
significantly different compared with GFP controls (Figure 4.2E). Additionally, we find that
scFv-E06 expression does not change fat mass compared with GFP expressing mice and
that HFHS diet still induces a significant increase in fat mass and fat pad mass compared

with scFv-E06 chow fed control mice (Figure 4.2D). Furthermore, we find no differences
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in organ mass including kidney, liver, or spleen compared with GFP expressing mice fed
HFHS diet or scFv-E06 chow fed control mice (Figure 4.21).

We tested the effect of scFv-E06 expression in HFHS feeding on metabolic changes
induced with cardiometabolic HFpEF. We find that scFv-E06 expression does not induce a
significant change in 16-hour fasting glucose compared with GFP controls after HFHS
feeding, though we find that scFv-E06 expression induces a trending though not significant
improvement in glucose tolerance as measured by glucose tolerance test area under the
curve (Figure 4.2 G). We tested insulin tolerance via an insulin tolerance test (ITT) after 16
weeks of HFHS feeding and determined GFP expressing mice fed an HFHS diet after 16
weeks had a significant decrease in the AUC determined by an ITT, scFv-E06 expressing
mice fed an HFHS diet had no significant difference compared with their respective chow
controls (Figure 4.1G, Figure 4.2H). Furthermore, when comparing only HFHS fed mice
scFv-E06 expression induced a significant increase in insulin sensitivity as measured by an
increased insulin tolerance test area under the curve compared with compared with GFP
controls (Figure 4.2H). We tested plasma AST to determine whether scFV-E06 expression
protected against liver injury induced by HFHS feeding. scFv-EQ6 expressing mice had
significantly lower plasma AST compared with GFP expressing mice also fed HFHS diet
(Figure 4.2F).

Finally, we performed untargeted oxylipidomics to examine the role for scFv-EQ6
in removing oxPLs during HFHS feeding. We found that expression of scFv-E06 was
sufficient to significant decrease the plasma concentration of many oxPL species, mostly

those in the truncated fraction but also a small number of full-length species (Figure 4.2l).
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We find no significant difference in non-oxidized parent species which indicates the
specificity of EQ6 for oxidized phospholipids. When we compare mice expressing scFv-E06
fed HFHS diet for 14 weeks we find they have significantly lower levels of oxidized lipids
when comparing both truncated and full-length fractions over GFP control mice.

In order to better understand the protective mechanisms of scFv-E06 expression
during cardiometabolic HFpEF we performed RNA-sequencing on the heart and kidneys
of mice fed HFHS diet for 14 weeks. When we examine the effects of scFv-E06 expression
on the transcriptome of the heart we find that in a mixed sex cohort there are 364
significantly differentially expressed genes, 167 upregulated and 197 down regulated
(Figure 4.3A). Gene Ontology pathway analysis of these genes revealed significant
changes in molecular function pathways of manganese, calcium, and potassium channel
activity, as well as NFkB- binding (Figure 4.3B). KEGG pathway analysis revealed significant
changes in glyoxylate and pyrimidine metabolism. Further analysis of the NFkB- binding
pathway demonstrated that there was a decrease in genes such as Anxa4 and Npm1
(Figure 4.3C). Previous work has demonstrated that Anxa4 is increased in the failing
human heart and in a Anxa4 null mouse cardiomyocyte contractional force was increased
after stimulation with isoproterenol'*!. Conversely there was an increase in Hdac1, which
has been previously shown to play an important role in promoting expression of anti-
hypertrophic genes such as KIf4 and Inpp5f 142, This transcriptomic data taken with the
functional metrics indicates that decreasing plasma oxPLs via expression of scFv-E06
during the progression of cardiometabolic HFpEF serves as a cardioprotective mechanism.

scFv-E06 expression systemically is sufficient to decrease cardiac size and protect against
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cardiac dysfunction, while also preventing transcriptional changes which are associated
with cardiac hypertrophy and promoting gene expression associated with improved
cardiomyocyte contractile function.

We also performed bulk RNA-sequencing on the kidneys of mice from this same
cohort in order to examine the role of systemic scFv-E06 expression on the renal-axis
which is commonly implicated in HFpEF*4133, We found that in the kidney of a mix-sex
cohort fed HFHS diet for 14 weeks there were 467 significantly differentially expressed
genes (Figure 4.4A). There were 369 upregulated genes, 98 downregulated genes when
comparing scFv-EQ6 expressing mice to GFP controls. Reactome pathway analysis revealed
that there were significant changes in pathways associated with extracellular matrix
assembly and degradation, including “assembly of collagen fibrils”, “collagen formation”,
“collagen chain trimerization”, “degradation of the extracellular matrix”, and “collagen
degradation” (Figure 4.4B). Further analysis of the genes associated with the “collagen
formation” pathway revealed that while several collagen isoforms in the kidney are
upregulated by scFv-E06 expression including multiple subunits of Col4, that Coll
expression is downregulated (Figure 4.4C). Previous work has demonstrated deficiency of
Col4 expression causes Alport’s syndrome which results in kidney failure due to loss of
basement membrane integrity in the glomeruli, while increased expression of Coll is
generally associated with increased in fibrotic content and decreased glomerular
function4*144, Taken together this data indicated that scFv-E06 expression driven by the
liver is sufficient to decrease fibrotic gene expression in the kidney during cardiometabolic

HFpEF.
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4.6 Sex differences in mice fed a HFHS diet during HFpEF

Since we performed RNA-sequencing on mixed sex cohorts and found differences
at multiple organs which were driven by systemic scFv-EO6 expression, we next examined
whether scFv-E06 expression could be affecting different pathways in male and female
mice fed an HFHS diet. Gross analysis of the heart revealed that while inflammatory
response genes did not appear changed by scFv-E06 expression in a mixed sex cohort, by
splitting the sexes inflammatory response genes are changed in opposite directions in
males and females (Figure 4.5). In male mice expressing scFv-E06, inflammatory response
genes are upregulated during HFHS feeding. While in female mice, we find that scFv-E06
expression drives a significant decrease in genes associated with inflammatory response.

We further investigated these sex dependent effects in the kidneys of mice fed
HFHS diet after administration of scFv-E06 or GFP as a control. Deeper analysis of the bulk
RNA-sequencing in the kidneys revealed that in male mice there are 195 significantly
differentially expressed genes, while in females there are 1809 (Figure 4.6A). This stark
difference demonstrates that understanding sex dependent effects in our model system
is key to drawing conclusions about disease mechanisms and systemic impacts.

We further performed KEGG pathway analysis on each sex from the kidneys in
order to understand the broader picture of these transcriptional differences. We find that
the most changed pathways in male mice are “protein export”, “complement and
coagulation cascade”, and “PPAR signaling mechanisms” (Figure 4.6B). These pathways

together indicate that the differentially expressed genes in the kidneys of male mice
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regulated by scFv-EO6 expression point towards inflammatory response signaling.
Meanwhile, in kidneys of female mice we observed that the most significantly changed
pathways were “reactive oxygen species” and “oxidative phosphorylation” (Figure 4.6B).
These pathways demonstrate the role for systemic scFv-EO6 in female mice in altering
gene transcription involved in metabolic stress response most significantly.

We then further assessed the “oxidative stress response” pathway in the male and
female kidneys. This pathway was of specific interest as it has been previously
demonstrated that oxPLs drive increased oxidative stress and it would be hypothesized
that sequestering these with E06 expression would decrease gene expression in this
pathway. Interestingly we find that when we perform a mixed sex analysis there is a clear
pattern by biological sex (Figure 4.6C). We then performed sex-independent analysis and
find that while in the kidneys of males scFv-EOQ6 expression does not drive obvious
changes, in female mice scFv-EQ6 expression drives an obvious decrease in genes involved
in the oxidative stress response (Figure 4.6C).

In summary, we find that scFv-E06 expression driven from the liver has systemic
effects on the transcriptome of multiple organs in a murine model of cardiometabolic
HFpEF. In a mixed sex cohort, this reveals changes which are drive improved organ
function including reduced inflammatory and fibrotic genes. Deeper analysis on the basis
of biological sex demonstrates that the effects of scFv-EO6 expression are largely sex
dependent as it comes to inflammatory response in the heart and oxidative stress in the
kidney. This work demonstrates the importance of examining effects in both mixed sex

and single biological sex cohorts to understand the impact of systemic oxPLs in
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cardiometabolic HFpEF, especially considering the disparate number of HFpEF diagnoses

in female human patients.
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Discussion

Previous work has elegantly demonstrated that scFv-E06 expression in mouse
models of other cardiometabolic syndromes can be protective in both onset and
progression of disease. Here we demonstrate that scFv-EOQ6 expression is protective
against the onset of cardiometabolic HFpEF using a murine model of inducible scFv-E06
systemic expression and high fat high sucrose (HFHS) feeding.

We first demonstrate that HFHS feeding for 16 weeks in male mice is sufficient to
induce significant increases in left ventricular end-diastolic volume, while maintaining
ejection fraction compared with chow controls (Figure 4.1A, B). Furthermore, we show
that mice significantly increase their fat mass on after HFHS feeding and develop insulin
resistance as determined an insulin tolerance test (Figure 4.1 E, F,G). This fat mass is both
at the whole-body level, as well as specifically shown in the visceral adipose depot of the
gonadal white adipose tissue. As HFpEF has been difficult to model in a murine system
due to the complex nature of the disease, we sought to test whether our model mimicked
both the cardiac and cardiometabolic syndrome components of the human condition.
Other diet models have been used to similarly mimic the human condition, including the
popular high fat diet plus L-NAME model (HFD + L-LNAME) “two-hit” model. HFD + L-
NAME induced similar to HFHS feeding a significant induction diastolic dysfunction as well
as an increase in body weight and decreased glucose sensitivity'#°. Furthermore, authors
observed in the “two-hit” model reduced running distance and pulmonary edema
assessed by wet/dry lung weight, as well as marked endothelial dysfunction evidenced by

the increase in both diastolic and systolic blood pressure present after five-weeks of L-
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NAME treatment alone or HFD+ L-NAME treatment!*. While, we have not tested for
endothelial dysfunction, our model is slower progressing, which does more closely
resemble human cardiometabolic HFpEF compared with the HFD+L-NAME system and
therefore we will test this in future work. In order to determine whether endothelial
dysfunction is occurring in our model, analysis of the hypertensive status of these mice
would be necessary. Furthermore, it would be worthwhile to look at markers of
endothelial activation and blood flow either ex vivo or in vivo at the end of feeding. As
other studies have demonstrated the delicate balanced role that oxPAPC can play in
maintaining or causing vascular leakiness during acute sterile inflammation, understand
the impact of scFv-E06 treatment in this balance during a chronic injury model would
allow for novel insights for the role of oxPAPC on the endothelium during long-term
injury®3°,

We further demonstrated that liver-driven expression of scFv-EQ6 is protective
against increases in end-diastolic volume and results in lower heart mass and LV mass over
GFP mice also fed HFHS diet (Figure 4.2B, C). These changes were observed without
concurrent changes to fat mass or overall body weight (Figure 4,2 D, E). The smaller heart
mass is a likely indicator of less hypertrophy as a result of HFHS feeding, but this needs to
be further investigated by measuring cardiomyocyte cross sectional area and
cardiomyocyte number. Moreover, this needs to be evaluated in the context of female
mice which are not included in the present study. Comparable studies have found that

HFHS feeding in males for 16 weeks induces significant changes in cardiac function,

whereas female mice did not develop significant changes in cardiac parameters after
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feeding'#>. Though the diet used in this study does not exactly mimic ours, its similarities
are striking and therefore we need to understand not only the impact of HFHS feeding in
both male and female mice, but also whether scFv-EQ6 expression in female mice induces
differences at both baseline and after feeding. We additionally demonstrated in male mice
that markers of metabolic health we improved by scFv-EO6 expression during feeding,
including increased insulin tolerance test and glucose tolerance test area under the curve,
as well as decreases in markers of liver damage with reduced plasma AST (Figure 4.2 F-H).
We performed RNA-sequencing on mice expressing scFv-E06 compared to GFP
controls which demonstrated changes in not only the hearts, but also kidneys, of a mixed
sex cohort. In the heart we find that there were significant pathway level changes in
channel activation including calcium and potassium channels as well as NFkB-binding
(Figure 4.3B). Deeper analysis of the genes in the NFkB-binding pathway revealed changes
in genes including Anxa4, Nmp1, and Hdac1 (Figure 4.3C). While previous work indicated
a clear protective effect from scFv-E06 in an ischemia reperfusion model, they were not
able to clearly delineate the impacts of oxPLs in cardiomyocyte damage outside of causing
mitochondrial dysfunction and cell death in vitro'?. Together the shifts in these genes in
addition to the pathway level changes in calcium and potassium channel activation point
to an improvement in cardiac contractile force and function, which may be driven by
changes in calcium handling!41142146147 "Thjs could link the previous finding as calcium
overload directly impacts mitochondrial health and cardiomyocyte contraction.
RNA-sequencing in the kidneys of these mice demonstrated that scFv-E06

expression significantly alters collagen and extracellular matrix regulation (Figure 4.4A, B).
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We find that there is an upregulation of Col4 subunits and a decrease in Collal (Figure
4.4C). Upregulation of the Col4 subunits would be indicative of improved basement
membrane integrity which is associated with increased glomerular filtration rate and
improved kidney function4?. This would need further validation by electron microscopy
assessment of the histology, as well as functional metrics of urine albumin and serum
creatinine!®®, Though we do not demonstrate that renal function is changed, renal disease
is a common comorbidity of HFpEF and our findings here would indicate that reducing
oxPLs may support improved renal integrity in the context of cardiometabolic disease, just
as increased oxPLs are associated with worsened diabetic kidney disease and reducing
these improves kidney function#.

Finally, we assessed whether the impact of scFv-E06 expression altered
transcriptomic changes in a sex-dependent manner. We found that the inflammatory
pathway in the heart was only significantly changed in female mice expressing scFv-E06
compared with their GFP counterparts. Additionally, we observe that when comparing
male and female mice both expressing scFv-E06 using the same 10 genes in this pathway
male mice respond in the opposite direction to female mice (Figure 4.5). We performed
this same analysis format in the kidney and demonstrate a similar finding regarding the
oxidative stress response pathway (Figure 4.6B, C). These findings highlight the hole in the
field regarding sex as a biological variable in HFpEF. In the human condition, HFpEF is more
common in women and being biologically female is associated with worse diastolic
function and clinical outcomes®. Despite this, most studies in mice or in humans either

only evaluate males or do lumped analysis without accounting for sex as a biological
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variable, therefore our findings are particularly meaningful. We identify two pathways
that may serve as therapeutic targets in females, but not males as administration of scFv-
EO6 causes pathway level decreases in genes only in female mice.
Limitations

Currently our study is limited by the small cohort size in the female group, as well
as lack of chow control in this group. Those mice are in progress and will be considered in
future analysis. In addition, we have not yet assessed metrics of microvascular dysfunction
which is a key hallmark of HFpEF and would need to be determined in order to claim that
HFHS feeding encompasses the full complexity of the human condition. Finally, we have
identified multiple pathways which could be at play in the molecular mechanism of the
role for oxPLs and in using the scFv-E06 model we do not target one specific lipid species;
therefore, it is very likely our findings are due to the impact of the overall oxidized lipid

profile and do not describe any singular pathway or receptor-ligand pair.
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Figure 4.1: High Fat High Sucrose Feeding for 16 weeks is a murine model of Heart Failure

with Preserved Ejection Fraction

A)

B)

o)

D)

E)

F)

G)

Left ventricle ejection fraction calculated from cardiac MRl in male mice fed chow
(left) or HFHS diet (right) for 16 weeks after administration of AAV8-GFP.

Left ventricle end-diastolic volume measured from cardiac MRI in male mice fed
chow or HFHS diet for 16 weeks after AAV8-GFP administration. (N=4 chow, N=4
HFHS feedings — one outlier determined by ROUT test)

Heart mass normalized to tibial length in male mice fed chow or HFHS diet for 16
weeks after administration of AAV8-GFP.

Left ventricle mass calculated from cardiac MRI in male mice fed chow or HFHS
diet for 16 weeks after AAV8-GFP administration.

Fat mass as a percent of body weight in male mice fed chow of HFHS diet for 16
weeks after administration of AAV8-GFP.

Gonadal white adipose tissue (gWAT) fat pad mass normalized to total body
weight in male mice fed chow or HFHS diet for 16 weeks after administration of
AAV8-GFP.

Insulin tolerance test after 16 weeks of chow or HFHS feeding in male GFP

expressing mice area under the curve (left) and representative curves (right).

Statistics: Data represented as mean + SEM. Student’s t-test; N=4 chow, N=4 HFHS
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Figure 4.2: Liver driven expression of scFv-E06 protects mice against cardiometabolic

HFpEF and significantly reduces plasma oxidized lipids
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Figure 4.2: Liver driven expression of scFv-E06 protects mice against cardiometabolic

HFpEF and significantly reduces plasma oxidized lipids

A)

B)

o)

D)

E)

F)

G)

Left ventricle ejection fraction calculated from cardiac MRl in male mice fed chow
(left) or HFHS diet (right) for 16 weeks after administration of AAV8-GFP or AAVS8-
scFv-E06. (N=4 GFP chow, N=4 GFP HFHS, N=5 scFv-E06 chow, N=5 scFv-E06 HFHS)
Left ventricle end-diastolic volume measured from cardiac MRI in male mice fed
chow or HFHS diet for 16 weeks after AAV8-GFP or AAV8-scFv-E06 administration.
(N=4 GFP chow, N=3 GFP HFHS, N=5 scFv-E06 chow, N=4 scFv-E06 HFHS, outlier
determined by ROUT test)

Heart mass normalized to tibial length (left) and left ventricle mass calculated by
cardiac MRI (right) in male mice fed HFHS diet for 16 weeks after administration
of AAV8-GFP or AAV8-scFv-E06 administration. (N=4 GFP, N=5 scFv-E06 — left,
(N=4 GFP, N=4 scFv-EQ6 — right, outlier determined by ROUT test)

Fat mass as a percent of body weight in male mice fed chow of HFHS diet for 16
weeks after administration of AAV8-GFP or AAV8-scFv-E06. (N=4 GFP chow, N=4
GFP HFHS, N=5 scFv-E06 chow, N=5 scFv-E06 HFHS)

Total body weight over 16 weeks HFHS feeding in male mice administered AAVS8-
GFP or AAV8-scFv-E06. (N=4 GFP, N=5 scFv-E06)

Plasma AST in mice fed HFHS diet after administration of AAV8-GFP or AAV8-scFv-
E06. (N=6 in each group, 3M, 3F)

Area under the curve from insulin tolerance test performed after 16 weeks of

HFHS feeding in male mice expressing GFP or scFv-E06. (N=4 GFP, N=5 scFv-EQ6)
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H) Area under the curve from glucose tolerance test performed after 14 weeks of

J)

HFHS feeding in male mice expressing GFP or scFv-E06. (N=7 GFP, N=8 scFv-E06)
Kidney (left), liver (middle), and spleen (right) weight normalized to body weight
in male mice fed HFHS diet for 16 weeks expressing either GFP or scFv-E06. (N=4
GFP, N=5 scFv-E06)

Log (fold change) of Plasma non-oxidized (N.O.) or truncated or full-length
oxidized phospholipids detected by LC-MS/MS in mice fed HFHS diet comparing
mice expressing scFv-E06 with GFP control mice. (N=6 in each group, 3M, 3F)
Statistics: Student’s t-test (C, F-1), One-Way ANOVA with Sidak’s multiple

comparison test (A, B, D)
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Figure 4.3: Bulk RNA-Sequencing of hearts from mice fed high fat high sucrose diet
reveals liver-driven scFv-E06 expression drives decreased in inflammation and plasma

membrane transporter activity
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Figure 4.3: Bulk RNA-Sequencing of hearts from mice fed high fat high sucrose diet

reveals liver-driven scFv-E06 expression drives decreased in inflammation and plasma

membrane transporter activity

A) Volcano plot of differentially expressed genes in hearts of mice expressing E06

B)

o)

versus mice expressing GFP control after 12 weeks of high fat high sucrose
(HFHS) feeding demonstrates 364 significantly differentially expressed genes.
167 genes are upregulated, and 197 genes are downregulated of the 364
changed.

Enriched Gene Ontology- molecular function and KEGG pathway analysis in
hearts of mice expressing E06 versus GFP controls after 12 weeks of high fat high
sucrose (HFHS) feeding revealed pathways of membrane channel transporter
activity, NFkB binding, protein export, and biosynthesis of co-factors as being
regulated by systemic expression of scFv-EQ6.

Heatmap showing relative gene expression of NFkB binding genes from hearts of
mice expressing EO6 versus mice expressing GFP control plotted as log: (Fold
Change) from kidneys of GFP expressing mice.

Statistics: Differentially expressed genes have -log(p-value) > 1.3 analyzed by

DESeq2, Pathway Analysis performed by clusterProfiler, N=6 (3M,3F)
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Figure 4.4: Bulk RNA-Sequencing of kidneys from mice fed high fat high sucrose

A)

B)

o)

diet reveals differential gene expression associated with extracellular matrix
maintenance

Volcano plot of differentially expressed genes in kidney of mice expressing EO6
versus mice expressing GFP control after 12 weeks of high fat high sucrose
(HFHS) feeding demonstrates 467 significantly differentially expressed genes.
369 genes are upregulated, and 98 genes are downregulated of the 467
changed. Orange dots corresponds to genes included in pathways of
extracellular matrix assembly and degradation.

Enriched reactome pathway analysis in kidneys of mice expressing E06 versus
GFP controls after 12 weeks of high fat high sucrose (HFHS) feeding revealed
pathways of ECM assembly and degradation as significantly regulated by liver
driven scFv-EO6 expression.

Heatmap showing relative gene expression of collagen formation associated
genes from kidney of mice expressing EO6 versus mice expressing GFP control
plotted as log, (Fold Change) from kidneys of GFP expressing mice.

Statistics: Differentially expressed genes have -log(p-value) > 1.3 analyzed by

DESeq2, Pathway Analysis performed by clusterProfiler, N=6 (3M,3F)
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Figure 4.5: Bulk RNA-Sequencing of hearts from mice fed HFHS diet reveals liver-driven

scFv-E06 expression drives sex-dependent changes in inflammatory response
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Figure 4.5: Bulk RNA-Sequencing of hearts from mice fed HFHS diet reveals liver-driven
scFv-E06 expression drives sex-dependent changes in inflammatory response

Heatmap showing relative gene expression of “inflammatory response” genes
(WikiPathways) from hearts of mice expressing E06 versus mice expressing GFP control
plotted as log, (Fold Change) from hearts of GFP expressing mice. Further analysis of
males only or females only reveals divergent expression of genes when biological sex is
considered. Male mice expressing scFv-E06 demonstrate increased expression, while
females demonstrate decreased expression relative to GFP controls.

Statistics: Differentially expressed genes have -log(p-value) > 1.3 analyzed by DESeq?2,

Pathway Analysis performed by clusterProfiler, N=6 (3M,3F)
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Figure 4.6: Bulk RNA-Sequencing analysis of kidneys from male and female mice fed
high fat high sucrose diet demonstrate unique pathway regulation after scFv-E06 on

the basis of biological sex
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Figure 4.6: Bulk RNA-Sequencing analysis of kidneys from male and female mice fed

high fat high sucrose diet demonstrate unique pathway regulation after scFv-E06 on

the basis of biological sex

A) Differentially expressed genes from male mice expressing EO6 versus mice

B)

o)

expressing GFP control after 12 weeks of high fat high sucrose (HFHS) feeding
have 195 significantly changed genes, 68 upregulated and 127 down regulated.
Differentially expressed genes from female mice expressing EO6 versus mice
expressing GFP control after 12 weeks of high fat high sucrose (HFHS) feeding
have 1809 significantly changed genes, 837 upregulated and 972 down
regulated.

KEGG pathway analysis from the kidneys of female mice expressing E06
compared with GFP controls after 12 weeks of HFHS feeding have significant
changes in pathways associated with oxidative phosphorylation, reactive oxygen
species, and diseases including diabetic cardiomyopathy, revealing
transcriptional changes associated with oxidative stress. KEGG pathway analysis
from the kidneys of male mice have significant changes in pathways of protein
export, complement and coagulation cascade, and PPAR signaling,
demonstrating changes in inflammatory signaling.

Heatmap showing relative gene expression of collagen formation associated
genes from kidney of mice expressing EO6 versus mice expressing GFP control
plotted as log, (Fold Change) from kidneys of GFP expressing mice. Further

heatmaps showing the breakout of changes in female or male mice exclusively
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revealing the significant downregulation of oxidative stress associated genes in
female but not male.
Statistics: Differentially expressed genes have -log(p-value) > 1.3 analyzed by

DESeq2, Pathway Analysis performed by clusterProfiler, N=6 (3M,3F)
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Chapter 5: Discussion and Future Directions
In this work we discover novel regulators of the metabolic and inflammatory

pathways in heart failure, which can be regulated by both systemic manipulation of
oxidized phospholipids and cardiomyocyte specific deletion of PANX1.

In order to understand how PANX1 in cardiomyocytes plays a role in both
inflammation and metabolism during heart failure, we developed a novel mouse with
cardiomyocyte specific deletion of PANX1 under the control of the alpha-myosin heavy
chain driven Cre. We determined that while these mice had no developmental or cardiac
function deficits in the unstressed state, the cardiomyocyte metabolism was shifted to a
hyper glycolytic state. Using bulk RNA-sequencing we uncovered a significant
upregulation in the transcription of Sc/2a4 which encodes the GLUT4, one of the
predominate glucose transporters in cardiomyocytes!>!. We then validated these
findings in vitro using H9c2 rat myoblasts and demonstrated that siRNA-mediated knock-
down of PANX1 resulted in a significant increase in maximal ECAR and total as well as
glycolysis associated ATP production. We further demonstrated, as had been previously
described, that isoproterenol stimulation results in increased maximal ECAR and
glycolytic ATP production. We then described for the first time that in PANX1 knock-
down cells isoproterenol stimulation does not further increase glycolytic bioenergetics
or total ATP production. This data suggests that in cardiomyocytes PANX1 serves to
regulate glycolytic metabolism even in the unstimulated and unstressed states.
Furthermore, it demonstrates that PANX1 deletion in cardiomyocyte serves to push cells
to a glycolytic ceiling from which they cannot further increase glycolytic metabolism or

total ATP production according to our in vitro data.
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These findings not only provided new insights into the role of PANX1 in
metabolism, but also yield additional questions in the context of cardiomyocytes. In
order to better probe the fate of the increased glucose, it would be worthwhile to
perform further tracing experiments to determine the downstream metabolites made
from carbon labelled glucose. It would be hypothesized that this is simply made into ATP
through glycolysis based on our data, but further confirmation of this is warranted.
Additionally, PANX1’s role in metabolism is not unique to cardiomyocytes and therefore
it would be interesting to determine whether this metabolic shift is present in other
predominate cells of the heart including endothelial cells and fibroblasts. Finally, our
study is limited as we determine mechanistically how this shift is protective in the
context of non-ischemic heart failure. The current paradigm in the field is that the shift
to glycolytic metabolism in cardiomyocytes is detrimental to cardiomyocyte survival
under stress, but our data demonstrates that this may not be the case. More work needs
to be done to understand why the metabolic switch to increasing glucose utilization is
detrimental and whether in our system other fuel sources such as fatty acids and
ketones are used equally to control cardiomyocytes.

As we describe, the PANX1 deletion in cardiomyocyte is concurrent with an
increase in GLUT4 expression and increased ATP production through upregulation of the
glycolytic rate. In this work we do not describe the mechanism by which this metabolic
shift occurs, but we hypothesize that the activation of PANX1 as an ATP leak in
cardiomyocytes may play a role in this process. Leak of ATP through PANX1 may serve to

regulate the ATP to ADP ratio within the cell controlling metabolic processes and when
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this ratio is shifted the increased presence of ATP in the cell may be used to upregulate
ATP dependent process which can then use ATP as either an allosteric regulator or use
ATP hydrolysis to fuel biochemical reactions. PANX1 can be activated by mechanical
stretch of cells potentially mediated by PIEZO channels, namely in cardiomyocytes
PIEZO1 is the predominate isoform®%1°2, This mechanical activation as a result of PIEZO1
and cardiomyocyte contraction may allow for the constant leak of ATP at low levels to
regulate the intracellular ATP content. Even without this leak, which has not been
demonstrated by us or others and is simply conjecture, the absence of PANX1 increases
total ATP production and this excess ATP maybe stored and this is why we observed no
difference in intracellular ATP concentration. If this storage of ATP is increased and
mitochondrial oxidative phosphorylation dependent ATP production is decreased this
could also act as the feed-forward mechanism by which increased glycolysis is
maintained in our PANX1 deficient cardiomyocytes. This could be tested in our system by
measuring phosphocreatine which is used as a storage mechanism for ATP to be
mobilized to the sarcoplasmic reticulum and measuring creatine kinase activity in the
cardiomyocytes of Panx1% mice relative to Panx1MYH® mice'>3, Taken together our data
as well as further work would hope to demonstrate how PANX1 presence in the
cardiomyocyte drives oxidative phosphorylation and why its deletion results in alter
glycolytic metabolism. Furthermore, understanding this mechanism may allow us to
understand whether this increase in glycolytic is causal to the protection against
hypertrophy and neutrophil recruitment or whether these are two separate mechanisms

which are not linked.
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In additional to our finding regarding the novel metabolic role for PANX1 in
cardiomyocytes, we determined that during isoproterenol induced non-ischemic heart
failure PANX1 deletion in cardiomyocyte significantly reduces neutrophil recruitment to
the myocardium. We determined that this recruitment was specific to neutrophils and
not macrophages by both flow cytometry and confocal microscopy. This finding fills a
hole in the field which had previously demonstrated that PANX1 deletion in the
myocardium significantly reduces immune cell recruitment in both myocardial infarction
and ischemia reperfusion injury>>®® but did not identify a specific cell type. However, our
study did not evaluate whether this phenotype persists into the longer term model
which would be worthwhile to understand in considering PANX1 as a therapeutic target.
Additionally, future work should evaluate whether there are any changes to adaptive
immune cell populations such as B and T cells as well as natural killer cells considering
the significant decrease in total immune cells, CD45*, we observe in Panx1™"¢ hearts at
the early disease timepoint.

In our work identifying the role for PANX1 in neutrophil recruitment, we did not
explore the ligand receptor pair which results in this recruitment nor whether this is
driven through an endothelial dependent or resident immune cell dependent process.
Based on RNA-Seq analysis of whole heart tissue in which we identify three key
purinergic receptors which we attribute to neutrophils, we postulate that neutrophils
could be called by ATP, ADP, or UDP-glucose released through PANX1 during
isoproterenol-induced cardiac hypertrophy. While we did not do so for this study, it

would be worthwhile to attempt to measure whether it is any of these metabolites
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individually or in combination which is being released through PANX1 and is changed in
the effulent of Panx1"/f hearts versus Panx1YH¢ hearts which have been hung and
stimulated ex-vivo utilizing a Langendorff apparatus. As UDP-glucose is the longest-lived
of these three metabolites, from previous cell culture studies directly comparing ATP
and UDP-glucose, it is the most likely to result in prolonged neutrophil recruitment, but
this could be determined using both the effluence measurements and an in vitro
migration assay*>*. Further work could then study in vitro migration in the presence of
one or multiple metabolites identified from the effluence of the hearts as a way to
narrow down the results of cardiomyocyte damage result and neutrophil migration.
Furthermore, it would be worthwhile to perform in-vivo imaging of labelled neutrophils
through the process of isoproterenol induced injury in the presence or absence of
resident leukocytes which could be depleted in adulthood using a diptheria toxin driven
promoter to demonstrate how these cells are called to the myocardium. One may
presume that this is done in an endothelial dependent manner through activation of
endothelial cells in the vascular and endocardial surface, but elegant design of a
construct which results in the death of resident immune cells upon activation and re-
entry into the cell cycle could determine whether signaling from resident leukocytes is
required or if cardiomyocyte release of damage signals is sufficient to drive recruitment.
Finally, we evaluated whether systemic manipulation of oxidized phospholipids
impacts cardiometabolic HFpEF. We used a previously validated AAV8-DIO-scFv-E06
expression vector which is driven in a liver-specific manner, but results in plasma

expression of scFv-E06'22, We demonstrated that HFHS feeding in male mice results in
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no change in ejection fraction but significantly increases left-ventricle end-diastolic
volume. Furthermore, HFHS feeding induces significant decreases in insulin tolerance
test area under the curve indicating insulin resistance. We find through RNA-sequencing
on hearts of these mice that scFv-E06 expression results in changes in NFkB-binding,
potentially promoting the expression of anti-hypertrophic genes. Additionally, we
determined that the effects of scFv-E06 expression are sex-dependent as they result in
transcriptome level changes which are significantly different between male and female
mice in both the heart and the kidney. Together these findings promote the question of
how oxidized lipids are interacting with cardiomyocytes to change NFkB-binding.
Identifying a potential membrane receptor or secondary messenger within
cardiomyocytes would elucidate how oxidized lipids impact cardiomyocyte physiology.
Moreover, understanding whether this mechanism is sex dependent would provide
opportunity for novel therapeutic strategies within HFpEF. Further work will characterize
the response of female mice to HFHS feeding and determine whether scFv-E06
expression affects the in vivo cardiac and metabolic dysfunction observed in male mice
after HFHS feeding.

Studies on female mice are currently ongoing and recently published work has
begun to explore these sex-dependent difference!*. The recently published work
elucidates that HFHS feeding results in sex-dependent changes in cardiac function where
males have significant changes in diastolic dysfunction which is not present in female
mice. Furthermore, this study demonstrates that the metabolic dysfunction induced by

HFHS feeding is ubiquitous if not more prevalent in female mice. In our work we expect
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that we will observe similar in vivo physiology due to HFHS feeding, and we with the
preliminary cohort of mice which expressed GFP or scFv-EO6 all fed HFHS diet observed
that the effect of scFv-EQ6 expression in increasing glucose tolerance by decreasing area
under the curve compared with GFP controls was more pronounced in female mice over
males. We would hypothesize that this data will be reinforced with the addition of more
mice to the cohort and chow controls for understanding the role of HFHS feeding in
inducing insulin resistance in this model. Moreover, we identified one pathway which in
which the impact of scFv-E06 expression is sex-dependent in the hearts of inflammation
which could be further explored in the ongoing cohort. This would be of particular
interest because it is well recognized that inflammation has a strong sex dependent
component and that HFpEF differentially affects females over males making the
potential for targeting oxidized lipids in females as a therapeutic strategy particularly
appealing. Furthermore, the data from the sex-dependent affects in the kidney would
allow for speculation that scFv-E06 expression may also affect cellular metabolism and
reactive oxygen species generation in a sex dependent manner, particularly oxidative
phosphorylation. It would be of interest to understand whether this is a multi-organ
affect which can be generalized due to the known role of metabolism shifting in the
heart failure. This may reveal whether anti-oxidant therapy or removal of oxidized lipid
species from the plasma is protective against cardiac dysfunction due to protection of
cardiomyocyte metabolism or another process all together.

Taken together the data in this dissertation demonstrates novel roles for oxidized

phospholipids and PANX1 in cardiomyocyte metabolism and inflammation. We evaluated
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multiple murine models of non-ischemic heart failure using both isoproterenol and high
fat high sucrose feeding. We identified that PANX1 deletion shifts cardiomyocyte
metabolism in an unstressed state and protects against isoproterenol induced
hypertrophy by decreasing immune cell recruitment to the myocardium. Finally, we
evaluated the impact of scFv-e06 expression in HFpEF in both male and female mice. We
determined that in male mice scFv-EOQ6 expression protects mice against HFHS induced
cardiac and metabolic dysfunction. We also determined that the cellular mechanism by

which this may be occurring is potentially sex-dependent based on RNA-sequencing.
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