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Abstract

AMPK is a heterotrimeric kinase that shifts cellular metabolism to favour catabolism once
activated by changes in glucose, adenine nucleotide, fatty acid, or calcium levels. Innate immune
cells such as macrophages must rewire metabolic signaling to efficiently respond to
inflammatory insults. In this dissertation, we aim to link AMPK-mediated changes in metabolism
to immune cell function under several inflammatory states including atherosclerosis and bacterial
infection. To begin, we examine a downstream target of AMPK in the cholesterol synthesis
pathway, HMG-CoA reductase, which has links to the cholesterol-driven pathology of
atherosclerosis. By using a combination of mouse and cell models that lack the inhibitory AMPK
phosphorylation site on HMG-CoA reductase, we establish that this signaling axis does not
significantly impact atherosclerosis progression. This work highlights the importance of
preclinical atherosclerosis model selection and the context-dependent roles of AMPK in
atherosclerosis. Next, we investigate how AMPK activity influences macrophage function in the
response to infection with Salmonella enterica serovar Typhimurium (S.Tm). We observe that
pharmacological AMPK activation in macrophages suppresses a subset of NF-kB-dependent
target genes during infection. Metabolomics data suggest that activating AMPK rewires nitric
oxide, TCA, and pyrimidine synthesis metabolism in infected macrophages. Mice expressing
overactive AMPK (B1/B2-G2A) succumb to S.Tm infection earlier than wild-type mice, though
mice treated with the allosteric activator, MK-8722, are unaffected. These data support how
AMPK plays distinct roles during gram-negative bacterial infection at the cellular and systemic
levels. Finally, we interrogate the effects of AMPK [ subunit myristoylation and how it affects
AMPK protein stability. We measured AMPK protein levels in cells and mice lacking the

AMPK myristoylation site (B1/B2-G2A) and observed a strong decrease in steady state y subunit
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levels alongside more mild decreases in a and 3 subunit levels. These were unaffected by
proteasomal inhibition, and knockdown of proposed myristoylation-dependent E3 ubiquitin
ligases ZYG11B and ZER1 had no effect on AMPK protein levels. We conclude that non-
canonical regulators of protein stability must influence non-myristoylated AMPK protein levels.
Collectively, this work advances our understanding of AMPK function within immune cells and

during inflammatory disease progression.
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Chapter 1: Introduction
1.1 Preface

This chapter contains introductory material that was prepared for an invited review at
Nature Metabolism (currently under revision: NATMETAB-RA241213787A).
1.2 AMP-activated protein kinase

This section explores the initial findings that led to the discovery of AMPK, as well as
our current understanding of upstream inputs and downstream consequences of AMPK
activation.
1.2.1 Kinases and the historical discovery of AMPK

Phosphate. A simple tetrahedral anion derived from phosphorus-containing rock or ore
that shapes the biological world, its influence spanning kingdoms. From the original discovery of
phosphorus by Henning Brandt in search of the Philosopher’s Stone, to our current
understanding of inorganic phosphate and its use in biological systems through phosphorylation,
to say phosphate is ubiquitous is a profound understatement. The enzymatic attachment of
phosphate onto target serine, threonine, or tyrosine residues was a key step in vastly expanding
the cellular repertoire in exerting control over protein activity beyond absolute abundance.

Derived from the Greek word kinein, which fittingly means “to move”, protein kinases
rapidly phosphorylate target protein residues once activated. The human kinome is comprised of
at least 518 kinases that broadly segregate into seven main evolutionary families!. Being the
orchestrators of substrate-level phosphorylation, kinases share common regulatory structural
features that enable them to catalyze ATP hydrolysis and load the y-phosphate of ATP onto
target hydroxyl groups. A kinase core is comprised of an N-terminal lobe with five B strands and

a helical C-lobe that provides a cleft where the adenine ring of ATP can bind®. In the case of



serine/threonine kinases, the residue following a conserved DFG amino acid sequence in the N-
terminal lobe can dictate serine versus threonine preference®. Also essential is an activating
segment that, when phosphorylated, leads to kinase activation?. This presents a key distinction
from other enzyme classes such as those involved in metabolism, which are generally active but
acutely inhibited by allosteric and post-translational feedback mechanisms. In contrast, kinases
are typically inactive under basal conditions but become transiently activated in response to their
respective stimuli.

The first evidence for protein phosphorylation came from Edwin Krebs and Edmond
Fischer, who would later receive Nobel Prizes in Physiology for their discovery. Prior to their
work in the 1950s, phosphoproteins such as casein were known to exist, though they were
thought to be inert nutrient sources of phosphate in the diet*. Phosphorylase, which is the enzyme
that degrades glycogen to glucose-1-P, was predicted to exist in two forms, active phosphorylase
a and inactive phosphorylase b. The balance between these two forms was found to be dependent
on reversible phosphorylation, where phosphorylase kinase activity dynamically regulated
phosphorylase®®. Thus, this began the reframing of phosphorylation from a simple dietary
byproduct to a reversible regulator that can modulate protein activity.

About a decade after the phosphorylase kinase discoveries, the elucidation of a cyclic
AMP-activated protein kinase, now more commonly known as protein kinase A (PKA),
kickstarted the hunt for new kinases’. The story of AMPK thus begins in the early 1970s, where
two independent groups, one from Indiana University®, the other from Purdue University?,
coincidentally both from the state of Indiana, discovered that two metabolic enzymes in 3-

hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) and acetyl-CoA carboxylase



(ACC) were inhibited due to phosphorylation. However, in the case of ACC, there was no
reported effect on activity with the addition of AMP?.

These observations remained understudied, until Grahame Hardie at the University of
Dundee, who initially studied carbohydrate biochemistry, became interested in phosphorylation
and how it regulated fatty acid synthesis via ACC. Using lactating rabbit mammary gland tissue,
he confirmed that ACC was regulated by phosphorylation, though the mechanism was thought to
be dependent on PKA!?, Follow-up studies focused on isolating additional kinases and exploring
the role of cyclic AMP-mediated inhibition of ACC, particularly downstream of glucagon, where
the prevailing idea was that both PKA and a second kinase, ACC kinase 2, phosphorylated and
inactivated ACC on the same tryptic peptide'!~!3. During this same time, multiple groups had
further characterized the role of phosphorylation in regulating HMGCR!*!3, with a particularly
interesting observation that HMGCR activity is potently suppressed by AMP!®. The distinction
of ACC kinase 2, which still inhibited ACC activity in the presence of PKA and casein kinase
inhibitors, was appreciated in 1986!7, and one year later, David Carling in Grahame Hardie’s lab
made the connection that gave rise to the AMPK field as we know it today. Several key
observations laid the groundwork for our understanding of AMPK regulation, then termed
“acetyl-CoA carboxylase kinase-3” or ACK3: 1) ACK3 was regulated by phosphorylation, as
treatment with phosphatases inhibited its activity and its inhibition of ACC activity; 2) ACK3
activity was allosterically increased in the presence of palmitoyl-CoA; 3) ACK3 could potently
inhibit HMGCR activity and on a similar timescale in relation to AMP levels'®. Armed with this
new perspective, the soon after renamed AMPK was then shown to be the main kinase for ACC,
where PKA phosphorylation did not affect ACC activity!®. Additional AMPK substrates were

identified shortly afterwards including hormone sensitive lipase, phosphorylase kinase, and



glycogen synthase, with preliminary suppositions applied to the sequence preference of
AMPK?. This was also accompanied by the development of the SAMS peptide, a 15 amino acid
peptide that has the same sequence as the ACC phosphorylation site at S79, with the exception of
the PKA-dependent phospho site at S77 being mutated to alanine?!. This would prove to be an
invaluable tool to measure AMPK activity against a known substrate. Further work purifying
AMPK revealed that there was a 63 kDa subunit that could be phosphorylated, as well as several
other polypeptides??. It was also discovered around this time that AMPK was allosterically
activated by AMP, in addition to AMP-dependent activation of upstream kinases®*.

The impact of Krebs on the AMPK field was not only related to his initial findings
regarding phosphorylase kinase; one of his postdoctoral fellows in the 1970s would also impact
the AMPK field in profound ways. Though initially focusing on other kinases including PKA?4,
the myosin light chain kinase®, and PKC?$, Bruce Kemp turned to AMPK when investigating
the impact of insulin regulation of ACC?’. This study evolved into a series of others, many
mirroring the findings of Hardie and Carling throughout the 1990s. For example, multiple studies
identified SNF1, the glucose metabolism-related kinase as the Saccharomyces cerevisiae
homologue to mammalian AMPK?#-3!, Additionally, mammalian AMPK was discovered to not

only comprise one subunit, but three??-32-33

, where the newly identified B and y subunits acted in
a regulatory fashion**. Though these subunits also had homology to yeast proteins, expression of
AMPK B and y subunits in yeast could not make up for the absence of their homologues,
suggesting that while AMPK a and SNF1 are conserved metabolic regulators, there are
significant differences in their regulatory mechanisms®*. A greater appreciation for tissue specific

differences in expression of these subunits, and the identification of multiple isoforms of the

subunits ensued, with identification of two a subunits®*>=7, two B subunits, and three y subunits.



Beyond this, post-translational modifications of the AMPK subunits were explored*®, and the
main activating site was identified as T172 on AMPK o*’, setting the stage for future studies.
The work that nucleated in these two main camps, that of Grahame Hardie at the
University of Dundee and Bruce Kemp at St. Vincent’s Institute, laid the foundation for the
AMPK field, which has expanded rapidly to encompass over 100 validated targets with differing
effects on metabolism and cellular function across a range of tissues and disease states. The
continued work of descendants of these scientific lineages, as well as many others, have deeply
expanded our understanding of this unique kinase. The concise and systematic nature of these
initial studies underscore the rigor upon which I have tried to build my own thesis. The work I
present hereafter reflects my own conceptualization of the AMPK field, as well as my attempts at

understanding the implications of AMPK signaling.

1.2.2 AMPK subunit expression through evolution and organ specificity

AMPK is an afy heterotrimer comprised of a catalytic a-subunit and two regulatory -
and y-subunits. Mammals express multiple isoforms of each subunit that are encoded by distinct
genes. PRKAAI and PRKAA?2 encode al and a2, PRKABI and PRKAB2 encode 1 and 2, and
PRKAGI, PRKAG?2 and PRKAG3 encode v1, y2 and y3, leading to the potential for 12 unique
combinations depending on tissue expression*’. The B subunit contains binding sites for both a
and y subunits*' and a key residue in S108 that is required for full allosteric activation at the
allosteric drug and metabolite (ADaM) site*?. Furthermore, subcellular localization is regulated
by the B subunits owing to a myristoylation event at the N-terminus*?. All three y subunits
possess a unique arrangement of four tandem cystathionine -synthase (CBS) repeats. CBS

domains are known to arise in pairs in other known proteins, but the presence of four is unusual



in eukaryotic cells**. Each of the four CBS domains produce a theoretical binding site for
adenine nucleotides AMP, ADP, or ATP. However, only three of these sites bind adenine
nucleotides, which have been named site 1, site 3, and site 4. As well, site 4 constitutively binds
AMP in a nonexchangeable fashion. Thus, AMPK is allosterically activated by AMP through the
reversible binding of AMP to sites 1 and 3%°.

From an evolutionary perspective, eukaryotes express varying homologues of AMPK to
facilitate similar stress-dependent functions. In Saccharomyces cerevisiae, SNF1 is activated in
response to low glucose and rewires glucose metabolism-related gene expression, while the
Arabidopsis thaliana SnRK1 becomes activated through changes in upper glycolytic
intermediates such as glucose-1-phosphate and glucose-6-phosphate. While these evolutionarily
divergent species exhibit vastly different requirements when responding to energy stress, all
express a variation of the mammalian af}y heterotrimer with differing isoform compositions.
However, SNF1 and SnRK1 differ from mammalian AMPK in that they are not allosterically
activated by AMP*, though ADP can protect SNF1 from dephosphorylation in a manner similar
to mammalian AMPK#’. Regardless, AMPK activity was required during early eukaryotic
evolution to allow cells to respond to varying stressors. In fact, AMPKa may be among the
oldest of the kinases alongside CaMKK1, STK11, and MAPK1/3 to first evolve from bacterial
proto-kinases*®. While the B subunits are restricted to eukaryotes, there is also evidence for the
AMPKYy subunit in prokaryotic organisms, similar to AMPKa*.

Unique mammalian AMPK complexes presumably accommodate the heterogenous
metabolic profiles of distinct cells and tissues. While the a1f1y1 heterotrimer is the most widely
expressed combination of subunits, there also exist specialized expression patterns restricted to

tissues with unique metabolic requirements. For example, it is widely recognized that the y3



isoform is almost exclusively expressed in skeletal muscle, assembles solely into a232

49,50

complexes, and is found mainly in glycolytic fibres*>°. By contrast, y2 expression is markedly

elevated in the heart and thought to form AMPK complexes alongside a2 and f1°!. Immune cells
express primarily al, B1, and y 1, though there is modest expression of B2 and y2 as well>2.

However, the precise regulatory differences between these subunit compositions across tissues

remains understudied*.

1.2.3 Regulation by adenine nucleotides, calcium, and lysosomal damage

Activation of AMPK is universally recognized to occur by phosphorylation of the kinase
domain activation loop at threonine 172 (a1-T183, a2-T172; a-T172 nomenclature commonly
used). Phosphorylation of this site by upstream kinases is enough to boost AMPK activity by
over 100-fold**->3. Adenine nucleotide-based activation of AMPK takes place via a three-pronged
mechanism involving sensing of the exchange of ATP with AMP or ADP at binding sites within
the CBS domains on the y-subunit: 1) AMP and ADP both promote a-T172 phosphorylation and
2) prevent its dephosphorylation by phosphatases, and 3) AMP further allosterically activates
AMPK complexes already phosphorylated on a-T1725%°%, Tt is in this way that AMPK is a true
adenylate charge-regulated protein, rather than solely being activated by AMP. The concept of
adenylate charge was first proposed by Atkinson in the 1960s to frame how changes adenine
nucleotide abundance, those being AMP, ADP, and ATP, provide direct feedback about the
metabolic status of cells (Figure 1.1A,B)>¢. While this theory fell to the wayside due to a lack of
enzymes that respond directly to adenylate charge, it accurately describes AMPK regulation by
adenine nucleotide levels®’. However, the sensitivity of AMPK to adenylate charges varies with

heterotrimer composition, where complexes containing a2 and 2 subunits are more sensitive to



AMP levels>®. However, a2 complexes are also more sensitive to dephosphorylation®,
suggesting that these heterotrimer assemblies are designed to quickly respond to large
fluctuations in adenylate charge, such as those found in skeletal muscle.

AMPK a-T172 phosphorylation is essential for full activation of AMPK and is regulated
by several upstream kinases. Of the most well characterized, liver kinase B1 (LKBI1) typically
phosphorylates a-T172 upon glucose starvation (described in greater detail below) or following
changes in adenine nucleotide levels. Calcium/calmodulin kinase kinase 2 (CaMKK2)
phosphorylates a-T172 following increases in intracellular Ca?* levels>*-*°, which is particularly
apparent in conditions such as genotoxic stress®*®!, hypoxia®?, and hormone signaling in the
brain®$4, Facilitating this CaMKK2-AMPK interaction is the scaffolding protein IQGAP1 that
directly binds to both AMPKa and CaMKK?2%., While initially questioned as a bonified upstream
kinase®-%7, it has become clear that TAK 1-mediated phosphorylation of AMPK a-T172 occurs
specifically under conditions of lysosomal damage, wherein TAK1 is ubiquitinated and activated
by USP9X®, This compartmentalized signaling cascade also explains how other TAK1-
activating stimuli such as bacterial lipopolysaccharides (LPS) do not increase AMPK
activity®®’°, Beyond these validated kinases, there are a number of in vitro validated T172
kinases such as those from the STE20 family that will require further validation as AMPK-

activators under diverse physiological states’!’2.
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Figure 1.1: AMPK regulation by adenine nucleotides. (A) Original energy charge hypothesis with broad
AMPK activation states superimposed. Adapted from D.E. Atkinson, Biochemistry (1968). (B) Structure of
ATP. (C) Tripartite regulation of AMPK phosphorylation and activation at T172 by adenine nucleotides. Both
AMP and ADP binding support phosphorylation of T172 by upstream kinases CaMKK2, LKB1, or TAK1,
while simultaneously opposing dephosphorylation by phosphatases such as SAPS3. Only AMP can
allosterically activate AMPK under physiological conditions.

1.2.4 AMPK subcellular localization and nutrient-dependent activation

AMPK biosensors as tools to assess subcellular localization and activity

AMPK activity has traditionally been assessed using phosphorylation-specific antibodies
targeting downstream effectors or the AMPK heterotrimer itself. However, these readouts lack
both spatial and temporal information. While subcellular fractionation or organelle enrichment
techniques can provide spatial context to AMPK activity, it remains challenging to measure
temporal dynamics. Therefore, molecular tools that can detect AMPK activity in real-time in
various compartments are crucial for unraveling how AMPK responds to a diverse range of
physiological and pharmacological stimuli.

Fluorescence resonance energy transfer (FRET) is a phenomenon where emitted energy

from one fluorophore excites a nearby fluorophore’®. Typical constructs contain a CFP and YFP



fluorescent pair that are matched with an optimal kinase substrate motif (MRRVATLVDL for
AMPK) and an FHA1 domain, which has a high affinity for phosphopeptides. Substrate motif
phosphorylation promotes FHA1 binding, which facilitates FRET and provides immediate kinase
activity visualization. Subcellular targeting of these biosensors can therefore provide real-time,
organelle-specific activity measurements.

AMPK biosensors have provided fundamental knowledge on how AMPK responds to
various inputs. Constructs such as AMPK activity reporter (AMPKAR)”*, AMPKAR-EV",
AMPKAR27%77 and AMPK/BRSK activity reporter (ABKAR)’®7° rely on a reporter construct,
while others such as AMPfret takes advantage of conformational changes in the heterotrimer
itself®. Despite their utility, FRET biosensors suffer from high fluorescence background that can
interfere with sensitivity. To circumvent this issue, ExRai AMPKAR measures the change in
emission wavelength of a single circularly permutated enhanced green fluorescent protein (GFP),
rather than FRET between two different fluorophores®!. This significantly reduced the
background fluorescence observed with prior FRET sensors.

Application of these biosensors to tissues has been limited to mice globally expressing
AMPKAR-EV?, In these mice, AMPK activity is higher in skeletal muscle in response to
exercise’> and during viral infection®?. While many of these constructs have been applied to
immortalized cell lines, several studies have interrogated AMPK subcellular localization and
signaling in retinal®, breast cancer®®, or neuronal cells®, highlighting the value of using these
tools to understand AMPK signaling in diverse cell types. Combinatory expression of multiple
sensors, perhaps through pairing AMPK biosensors with prospective phosphatase biosensors

could help deconstruct the cues leading to AMPK activation and deactivation®. With the
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generation of more sensitive and widely applicable biosensors, these tools will continue to shape

how we view spatiotemporal AMPK signaling.

Myristoylation and other lipid signals as regulators of AMPK function and localization

Protein N-terminal glycine myristoylation describes the lipidation of N-terminal glycine
residues with a 14-carbon fatty acid chain. Canonically, myristoyl groups provide a lipid moiety
for otherwise soluble proteins to associate with membranes, although they can also regulate
protein function. Because the myristoyl group is shorter than other lipid modifications such as
palmitoyl or prenyl groups, it does not anchor its target proteins to membranes as tightly. For this
reason, secondary lipidation events or the presence of a polybasic sequence is often required for
myristoylated proteins to consistently anchor to membranes®’.

AMPK is co-translationally myristoylated on both § subunits at N-terminal glycine
residues (G2) by NMT1 following cleavage of the N-terminal methionine residue?®43-88,
Myristoylation is necessary for basal association of AMPK with the lysosome®-*° and
mitochondria”, suggesting that membrane lipid content does not appreciably affect AMPK
binding. Additionally, non-myristoylated (G2A) mutants have elevated basal activity, but are
unresponsive to AMP binding, suggesting that the myristoyl group exerts a gatekeeping effect on
canonical AMPK activation, but is required for full allosteric activity**»>*°2, Indeed, a myristoyl-
switch mechanism has been proposed to modulate AMPK activity, wherein the myristoyl group
binds within an intramolecular binding pocket on the AMPK heterotrimer until binding by AMP
or ADP displaces the myristoyl group**. While applicable to severe nutrient stress that disrupts

cellular adenylate charge, this framework falls short in addressing how inactive AMPK

associates with membranes.
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How does AMPK associate with membranes in the absence of an activating stimulus?
Evidence from other myristoylated kinases such as Abl®®> demonstrates that a favourable
environment can promote displacement of the myristoyl group from the protein and onto a
membrane. Therefore, proximity of cytosolic AMPK to membrane compartments, perhaps
alongside local fluctuations in AMP levels, may be sufficient to facilitate binding to membranes.
While occupied on the membrane, this conformation produces a “pre-activated” state, where
T172 in the kinase domain is more accessible to upstream kinases. This model could explain how
lysosomal and mitochondrial pools of AMPK are activated more rapidly than cytosolic pools in
response to 2-DG and ADaM site allosteric activation®!. To disengage from membranes, a more
favourable environment for binding of the myristoyl group to the intramolecular binding pocket
would have to occur. As elaborated on below, these interactions are likely transient but could be
prolonged through protein-protein interactions that restrain AMPK at various membrane
compartments. An example of this would be the recently described “pyrimidinosome” at the
mitochondrial membrane®.

Non-myristoylated mutants of AMPK have reduced protein stability and exhibit both a

diffuse and perinuclear punctate localization**-1-92

. These puncta resemble biomolecular
condensates, which have a higher likelihood of forming between proteins with intrinsically
disordered regions and RNA-binding capacities®. Non-myristoylated AMPK satisfies both of
these criteria considering the N-terminus of the B subunits has low order and the circular long
non-coding RNA circACC1 binds to the B and y subunits®®. Along these lines, several
phosphorylation sites have been identified on the B subunit N-terminus that could contribute to

the solubility of non-myristoylated AMPK®®. However, the only evidence of non-myristoylated

AMPK in vivo comes from rheumatoid arthritis, where authors paradoxically observed decreased
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AMPK activity and no change in protein levels as a result of reduced cellular myristoylation®’.
Outside of myristoylation, palmitoylation (attachment of a 16-carbon fatty acid chain) of both a
subunits at C209 and C542 by DHHC17 at least partially depends on myristoylation of the 3
subunits, and can also influence the association of AMPK with membranes®®. These lipidation
events ensure that AMPK is directed to the appropriate organelle in a timely and signaling-
specific manner, though the molecular details underlying this association requires refinement.
AMPK activity is also linked to fatty acid levels through direct binding of long chain-
fatty acyl-CoAs to the ADaM site, which is situated between the a and B subunits*?. This effect
is specific to medium and long-chain fatty acyl-CoA esters, but not their closely related
unesterified derivatives. Consistent with observations of AMPK-activating small molecules, such
as A-769662 and salicylate®!%, these effects are not observed with p2-containing complexes
and require S108 phosphorylation on AMPK B1. Beyond fatty acyl-CoAs, fasting can also
increase levels of linoleic acid, which may bind to the AMPK 71 subunit and promote
nucleotide-independent activation and synergy with AMP!?!, Though the exact binding site will
have to be verified empirically, this presents a multi-pronged fatty acid regulatory system
ensuring that AMPK is activated under fasting conditions. Taken together, AMPK is regulated at
multiple levels by lipid species, with myristoylation playing a key role in subcellular localization

as well as activity suppression.

Lysosomal AMPK localization and responsiveness to upper glycolysis-related metabolites

Throughout evolution, cells have developed sophisticated pathways to respond to varying
degrees of nutrient stress to survive. Adequate glucose is required to fuel glycolysis and generate

intermediates essential for oxidative phosphorylation and other pathways. While prolonged
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glucose starvation can lead to severe nutrient stress and higher AMP:ATP and ADP:ATP ratios,
mild reductions in glucose availability can also induce metabolic adaptations designed to
maximize survival in low glucose conditions.

AMPK is activated in response to glucose starvation by LKBI1 at the lysosome following
the aldolase-mediated sensing of fructose-1,6-bisphosphate (FBP). Upon FBP depletion, aldolase
undergoes a conformational change that promotes its disengagement from V-ATPase in a
transient receptor potential V channel-dependent manner while simultaneously displacing
mechanistic target of rapamycin complex 1 (mTORC1) from the lysosome®®-?%192, Lysosomal
AMPK then interacts with LKB1-AXIN1/2, and is activated by LKB1-mediated phosphorylation
of T1721%, though the involvement of AXIN in this process has been questioned!®. In line with
this, glucose starvation mimetics such as low-dose metformin!% and aldometanib!® also activate
AMPK through this platform. All of these pathways supposedly converge on exclusive
lysosomal, but not mitochondrial activation of AMPK!%7,

While low glucose levels can activate AMPK via this lysosomal activation platform,
there exist several additional mechanisms through which AMPK activity is regulated by flux
through upper glycolysis. The product of hexokinase-mediated phosphorylation of glucose,
glucose-6 phosphate (G6P), can be used to generate inositol, which directly binds to and
competes with AMP at CBS3 and CBS4 to impair AMPK activity!%. On the other hand, flow of
G6P into the oxidative pentose phosphate pathway leads to elevated ribulose-5-phosphate levels
that can inhibit LKB1'%. However, the oxidative pentose phosphate pathway also produces y-6-
phosphogluconolactone as a byproduct, which decreases phosphatase activity and actually
supports AMPK activity!!?. Glycogen, which is thought to inhibit AMPK activity via binding to

111

the carbohydrate binding module on the B subunits' "', requires adequate G6P for conversion into
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G1P and UDP-glucose for synthesis. G6P dehydrogenase itself has been shown to interact with
AMPKa directly, though the precise implications of this interaction will have to be validated
empirically!!?. Therefore, from a metabolite perspective, AMPK activity is exquisitely linked to
glucose and its immediate downstream metabolites and is coordinately regulated through a
combination of sensing of FBP, y-6-phosphogluconolactone, inositol, glycogen, and ribulose-5-
phosphate levels.

Beyond metabolite-level regulation, glucose-dependent phosphorylation of key residues
also fine tunes AMPK activity. For example, phosphorylation at a1-S487 (commonly referred to
as S485 in accordance with the rat AMPKal sequence) and a2-S491 are generally inhibitory and
are elevated under anabolic conditions such as high glucose or insulin engagement'!3. A
multitude of kinases can phosphorylate these sites, including including AKT!!3-!18 p70S6K !,
SGK 120, PKC!!, PKA!?%123 and PKD1'?*!25, Additionally, mTORC]1, which typically has high
activity in glucose-replete conditions!'®, phosphorylates AMPKa1-S347 and a2-S345!2%, where
the a2-S345 phosphorylation site can prevent AMPK from localizing to the lysosome!?’. This
interaction of AMPK with lysosomes is transient (<30 sec), aligning with observations that ACC,
a cytosolic target, is rapidly phosphorylated following glucose starvation'?’. The DNA-activated
protein kinase PRKDC also regulates lysosomal AMPK activation through phosphorylation of
v1-S192/T284 and can support LKB1-mediated activation of AMPK at the lysosome

128 Other potential glucose-sensitive phosphorylation sites

downstream of glucose starvation
include a1-S496 by AKT and PKA!?, a1-T490 and a2-T485 by GSK3!3°, and a1-T467 by
PIM2'3!, While some phosphatases can impact T172 phosphorylation levels during glucose

replete®> 1101327135 or starvation'*¢ conditions, SAPS3, as part of the highly conserved PP6
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phosphatase complex, is the only phosphatase validated to target AMPK in vivo in response to
changes in glucose levels!?7:13%,

Prolonged glucose starvation can also induce oxidative stress!*. There has been some

t140,l4l tl42_

debate regarding the reactive oxygen species (ROS)-dependen versus AMP-dependen
145 activation of AMPK in response to oxidative stress. However, several sites on AMPK are
redox-sensitive such as a2-C130 and a2-C174%¢, with others having been identified through
screens!'#’. Of note, AMPK a and other serine/threonine kinases share a conserved cysteine
residue at the +2 position relative to the activating T-loop site, signifying the widespread
sensitivity of kinases to redox regulation.

Regardless of the route of activation or modification, these data suggest that AMPK is
associated with lysosomes prior to encountering any stimulus but can rapidly disengage from the

lysosome to then signal to cytosolic or other organellar targets following its finely tuned

activation in response to decreased glycolytic flux.

Glucose

UTP l

UDP-Glucose «— Glucose-1P «—» Glucose-6P —» 6-Phosphogluconolactone —» PPP

UDP)\ / Fructose-6P Inositol-P LKB1

AMPK Fructose-1,6-BP Inositol
""" .
iielx{®%) «— DHAP «—» G3P LKB1 —» AMPK
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Figure 1.2: Metabolite-based regulation of AMPK activity due to reduced glycolytic flux. AMPK can
be activated by decreased abundance of several upper glycolytic metabolites. Both inositol and 6-
phosphogluconolactone are products of glucose-6P metabolism, resulting in derepression of AMPK activity.
Decreased fructose-1,6-bisphosphate levels generate a conformational change in aldolase, leading to
activation of AMPK. Additional decreases in DHAP inhibit mMTORC1 activity. Prolonged starvation can lead
to reduced glycogen stores, relieving potential inhibition of AMPK activity.
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Mitochondrial AMPK localization

Mitochondria influence metabolism through energy transducing pathways resulting in
ATP production and the release of non-ATP signaling factors!#*-!°!, Increasing evidence of
AMPK-mediated regulation of mitochondrial dynamics speaks to a complex interplay that allows
cells to rapidly respond to severe stressors such as ATP depletion or hypoxia.

AMPK associates with the outer mitochondrial membrane (OMM) because trypsin!>? or
proteinase K%>!33 digestion of isolated mitochondria results in AMPK dissociating with other
OMM proteins. Additionally, most mitochondrial targets, including ACC2134155 MFF!%6,
ARMCI10%7, AKAP1'5® and MTFRL1!>? are OMM proteins. Several recently identified AMPK
targets including MCU!*® and PDHA!® are localized on the inner mitochondrial membrane and
matrix, respectively, implying that AMPK entry into mitochondria is possible. However, more
mitochondrial subfractionation studies will be required to expand on this mechanism. AMPK
localization to the mitochondrial membrane does not require intrinsic activity, as dominant
negative mutants accumulate equally to wild-type (WT) AMPK!'>2, This and other work suggests
that AMPK associates with mitochondria constitutively and is activated following a rise in
AMP:ATP and ADP:ATP ratios'?’. However, in the case of mitochondrial depolarization with
CCCP, AMPK content on mitochondria rapidly increases within minutes!®!. Inositol reduction
downstream of glucose starvation also leads to AMPK-dependent mitochondrial fission at very

108 This observation is at odds with another proposed framework in which only

early timepoints
severe energy stress induces mitochondrial AMPK activation and mitochondrial fission!?’.
Regardless, the functional implications of acute AMPK activation are reflected by pro-

mitochondrial fission signaling. Mitochondrial fission can generate distinct pools of daughter

mitochondria depending on whether the scission initiation site is located at the midzone or
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periphery!62. This is important for propagating the mitochondrial network!%3, targeting
mitochondria with low membrane potential for mitophagy'®?, or enhancing fatty acid
oxidation!®*, Given the array of mitochondrial AMPK targets and their localization, AMPK
could potentially affect affect both midzone and peripheral fission, remodeling the mitochondrial
network in the process.

In the context of hypoxia, AMPK requires egl-9 family hypoxia inducible factor 1 for
increased mitochondrial association and subsequent activation via CaMKK2, providing the first
evidence of a widely-expressed AMPK translocation factor®?. Inactive AMPK is also part of the
OMM-localized “pyrimidinosome”, which is a complex of several enzymes involved in
pyrimidine synthesis®*. However, under hypoxic conditions, AMPK activation results in
dissociation from the pyrimidinosome®*. These data also support the idea that AMPK is present
at the mitochondria under non-stressed conditions. Together, AMPK is an OMM-associated
protein in the non-stressed state but can accumulate in response to specific triggers such as

hypoxia and mitochondrial depolarization to fuel mitochondrial fission.

Nuclear AMPK localization

Translocation of proteins through nuclear pore complexes is tightly regulated. For
frequent shuttling between the nucleus and cytoplasm, cargo proteins typically require both a
nuclear localization signal (NLS) and nuclear export signal (NES)!'%. To date, no definitive NLS
has been identified on the AMPK heterotrimer. However, the AMPK a1l and a2 subunits both
contain an NES, characterized by conserved leucine residues at their C-termini!®®. Likewise,
heterotrimers containing either al or a2 subunits localize to the nucleus, although their

regulation can differ depending on cell type and stimulus®®!¢7, These NES regulate the export of
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the AMPK heterotrimer to the cytoplasm in a Ran-dependent shuttling process that is also
required for the import of AMPK into the nucleus!®s. Because AMPK lacking the NES still
accumulates in the nucleus, it is likely that there is either 1) an unidentified NLS elsewhere on
the AMPK heterotrimer to promote importin binding, or 2) a secondary cargo protein that
contains a putative NLS facilitates the transit of AMPK into the nucleus. It is generally agreed
upon that AMPK shuttles between the nucleus and cytosol frequently, resulting in little change in
the total amount of nuclear AMPK, although some studies have detected increased AMPK
content in the nucleus following activation®!!68,

There are currently two main mechanisms through which nuclear AMPK is activated.
First, in the context of genotoxic stress, nuclear AMPKal-containing heterotrimers are activated
by CaMKK2 in the nucleus due to elevated nuclear [Ca?*]i%%¢!. Though CaMKK2 is considered a
cytosolic protein, nuclear CaMKK?2 localization has been reported!®. The second mechanism
posits that AMPK is activated in the cytosol and then shuttles into the nucleus in the activated
state. In support of this, forced nuclear localization of AMPKa2 renders it unresponsive to 2-DG
treatment®!. Additionally, AMPK that is retained in the nucleus has low basal activity relative to
shuttling AMPK!%®, Indeed, AMPK activity had no effect on the nuclear retention of AMPK
lacking its NES, affirming that the AMPK nuclear import machinery functions independent of
AMPK activity!'®. Recent work uncovered that nuclear UHRF1 binds to and recruits the
phosphatase PP2A to dephosphorylate AMPK in the nucleus, which also affects AMPK activity
in the cytosol'*>. Interestingly, this effect was observed downstream of glucose starvation, which
is typically thought to be restricted to lysosomal pools of AMPK!%7:135 Of note, UHRF1 is
mainly expressed in proliferative cell types and hematopoietic progenitors, so this mode of

nuclear AMPK regulation is likely cell type specific.
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While both AMPK al and a2 subunits have an NES, AMPK al-containing heterotrimers
are specifically retained within the nucleus during apoptosis!’®. This selectivity is conferred via a
caspase-3 cleavage site at the C-terminus that cleaves the NES without compromising AMPK
activity!’. The AMPK al and a2 C-terminal 20 amino acids share about 70% similarity, with
key leucine residues required for the NES being conserved!®. This difference raises the
possibility that alternate proteases could cleave the a2 NES under different, non-apoptotic
stimuli.

Taken together, nuclear AMPK activation is context dependent. With genotoxic stress,
characterized by increases in nuclear [Ca?"]; levels, CaMKK2 phosphorylates AMPK in the
nucleus. In conditions of nutrient stress such as glucose starvation or high AMP:ATP or
ADP:ATP ratios, AMPK is activated in the cytosol and translocates into the nucleus in the

activated state.

1.2.5 Regulation of AMPK protein turnover by ubiquitin and ubiquitin-like modifiers
Proteostasis describes the cumulative regulatory mechanisms that maintain a certain level
of abundance of a specific protein. This integrates a number of cellular processes such as
transcription, translation, and degradative pathways. One of the universal ways in which cells
dispose of misfolded, aggregated, or nonfunctional proteins is through the ubiquitin-proteasome
system (UPS). The UPS depends on ubiquitin, which is an 8.6 kDa protein that can be attached
to target lysine residues either singularly or in chains through an elaborate system featuring
ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligating enzymes (E3), the
latter of which number nearly 700. E3 ubiquitin ligases provide the specificity of the UPS, where

substrate receptor proteins within the E3 complex bind to target residues and facilitate ATP-
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dependent ubiquitination of target lysine residues. Depending on ubiquitin chain composition,
ubiquitination can result in signaling changes as is typical of K63-linked chains, or it can target
proteins for degradation in the proteasome if they are K48-linked chains.

Several AMPK-specific E3 ubiquitin ligases target AMPK for degradation. AMPK al is
ubiquitinated by the testis and cancer-specific MAGE-A3/A6-TRIM28 complex!”!, while a2 is
ubiquitinated by the E2 enzyme UBE20 in both cancer!” and skeletal muscle contexts!’3. The
E3 ubiquitin ligase WWP1 can also ubiquitinate a2, although its involvement in al regulation
was not investigated!’*. Complexes that can ubiquitinate both a subunits are MG53'7%, which
targets AMPK during hyperglycemia alongside AMPK a1-491 phosphorylation, MKRN1!7, and
cereblon-CRL4A!”", Interestingly, cereblon-CRL4A can also ubiquitinate the y1 subunit!’®,
while there remains no validated E3 ubiquitin ligase complexes specific for y2 or y3. The 1
subunit is ubiquitinated and targeted for degradation by the adipose-restricted CIDEA!”, while
the Laforin-Malin complex polyubiquitinates both B1 and B2 subunits with K63-linked chains!'®’.
The latter ubiquitination events may increase AMPK protein levels by sequestering it in
inclusion bodies!®?.

Similar to how MGS53 requires a phosphorylation motif prior to ubiquitinating AMPK,
both the GID complex!®! and Fbxo48!%2 recognize phosphorylated AMPK «-T172 under glucose
starvation conditions. However, given the complexity of measuring long-lived, phosphoregulated
proteins such as AMPK, more work is required to fully understand the dynamics of a-T172
recognition as a regulator of AMPK. AMPK may also be ubiquitinated with linear M1-linked
chains via LUBAC!®3, As with phosphorylation, ubiquitination is reversible through the action of
deubiquitinase enzymes. AMPK can be deubiquitinated by USP9X!84, which was initially

observed with AMPK -related kinases'®, and by USP10'%, which is responsible for removing

21



K63-linked polyubiquitin chains from four lysine residues on both al and a2 subunits.
Modulation of target-specific ubiquitination using deubiquitinase-targeting chimeras, referred to
as DUBTAC:S, is being explored therapeutically to increase target protein expression!®’. Of note,
a DUBTAC based on USP7 exhibited promising results in increasing AMPK [ protein levels in
vitro'®8,

SUMOylation, which involves the attachment of small ubiquitin-related modifiers
(SUMO) onto lysine residues, often competes with ubiquitination. AMPK is SUMOylated by
PIAS4 on both the B2!%° and al subunits, the latter of which inhibits its activity!*’. Additionally,
SENP2 deSUMOylates AMPKa and renders it more susceptible to ubiquitination and
subsequent degradation'!. Thus, ubiquitination and SUMOylation are multifaceted regulators of

AMPK protein stability and activity.
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Figure 1.3: Regulation of AMPK subunits by ubiquitin and ubiquitin-like modifiers. Validated
regulators of ubiquitination and SUMOylation of individual AMPK subunits. K48-linked chains result in
degradation in the 26S proteasome, while linear K63- and M1-linked chains can affect AMPK signaling and
localization.
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1.2.6 Pharmacological activators and inhibitors of AMPK activity

Given that AMPK generally supports catabolic signaling, pharmacological activation of
AMPK has been pursued in the context of metabolic disease. While this is not an exhaustive list
of small molecule activators and inhibitors of AMPK, it will highlight some of the key
pharmacological tools used in this thesis (Figure 1.4). The first widely used AMPK activator was
AICAR, which is a prodrug for ZMP!*2, Acting as an AMP mimetic, AICAR results in potent

AMPK activation, though it can cause significant off-target effects!®3

. In a similar way, the first-
line type 2 diabetes mellitus treatment, metformin, activates AMPK by inhibiting mitochondrial
electron transport chain function, or through lysosomal activation, depending on the dose!%>-1%4,
More severe mitochondrial electron transport chain inhibitors such as rotenone can also activate
AMPK indirectly in an adenylate charge-dependent manner!®>. Targeting of the lysosomal
activation pathway has led to the development of an aldolase inhibitor called aldometanib that
blocks FBP binding, resulting in AMPK activation!%,

While AICAR took advantage of AMP-mediated allosteric activation, a selective
activator in A-769662 targeted the ADaM site®!96:197 This interaction was specific to p1-
containing heterotrimers and depended on phosphorylation at S108 on the B1 subunit!*’. Though
it is now appreciated that long chain fatty acyl-CoAs can bind the ADaM site*?, A-769662 was
the first synthetic small molecule to take advantage of this mode of activation. Salicylate, which
is the active component of aspirin, can also bind to the ADaM site directly to increase AMPK
activity!®’, With a significant deviation from the A-769662 backbone, the development of 991

led to significantly higher potency!'*®

. However, 991 still favoured 1-containing
heterotrimers!®®. It was the development of MK-8722!° and similar small molecules like PF-

739%% that ushered in pan-p activation, though MK-8722 still activated B1 complexes to a greater
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extent!®”. The ability to activate p2 complexes meant that skeletal muscle AMPK, which
exclusively expresses B2, could now be pharmacologically targeted. These activators led to
significantly improved glucose sensitivity in mice and non-human primates in models of type 2
diabetes mellitus'®-?®°, However, it also generated non-pathological cardiac hypertrophy and
increased glycogen content. Even though cardiac hypertrophy can result from elite athletic
training?%!, regulatory agencies did not want to risk these off-target cardiac effects and the drug
did not advance through clinical trials. Subsequent iterations on this structure have yielded
ADaM site activators like SC4%° with improved activation of B2 complexes. Interestingly, recent
press releases from Nimbus Therapeutics have suggested that a newly developed compound may
achieve highly-selective 2 activation, although this will have to be verified empirically.

While much of the focus on drug development has centered on AMPK-activating small
molecules, AMPK inhibition may be beneficial in treating certain types of cancer?®®. The
original, and most dubious, inhibitor of AMPK activity is compound C or dorsomorphin?%+203,
While it does inhibit AMPK activity, it also inhibits a host of other kinases to an equal or greater
extent?, More recent developments include SBI-0206965%°7, though this displays similar
potency in inhibiting ULK 1 activity?*®, and BAY-3827, which is 5-10 times more potent than

SBI-0206965; however, it suffers from poor bioavailability in vivo**. Regardless, these two

inhibitors can serve as useful tools in vitro.
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Figure 1.4: Chemical structures of common AMPK activators and inhibitors. Structures of direct

activators and inhibitors (ADaM site, AMP mimetics,

mitochondrial electron transport chain inhibitors) of AMPK.

1.2.7 AMPK : conclusions

In the simplest of terms, AMPK is a stress-activated kinase, becoming activated due to

changes in intracellular calcium, varying nutrient levels, or adenylate charge. The duration of

inhibitors) and indirect activators (lysosomal,

activity, as well as the tissue type and nature of the stimulus, will dictate how and when AMPK

becomes activated alongside its corresponding effects on cellular metabolism. Much of this

introduction has focused on upstream inputs and specific regulation of AMPK in various

nutrient-based contexts. Considering downstream AMPK targets now number well over 100, I
will only discuss targets that have direct relevance to the disease states discussed in this thesis,

those being atherosclerosis and Salmonella enterica infection, in their respective sections.

26



1.3 Atherosclerosis

The following section describes the major contributors to atherosclerotic cardiovascular disease
with a particular focus on how myeloid cells derived from the hematopoietic system such as
monocytes and macrophages drive initiation and accumulation of atherosclerotic plaque. The
role of hypercholesterolemia and hematopoiesis in driving atherosclerosis, intracellular
regulation of cholesterol homeostasis in macrophages, as well as common murine atherosclerosis

models will also be discussed.

1.3.1 Atherosclerosis initiation and progression: a hematopoietic-driven pathology
Atherosclerotic cardiovascular disease (ACVD) continues to be one of the leading causes
of death worldwide, contributing to stroke, myocardial infarction, and a variety of other clinical
manifestations?!?, Atherosclerosis describes the accumulation of lipid and cells in the
vasculature, leading to arterial stiffening and increased risk of thrombosis. Key to the initiation
and progression of atherosclerosis is elevated circulating cholesterol levels. Early studies led by
Russian pathologist Nikolai Anitschkow demonstrated that feeding rabbits cholesterol was
sufficient to mimic atherosclerosis development, and also suggested that removal of cholesterol
from the diet could lead to plaque regression®!!. The transport of cholesterol was later
determined to reside within lipoproteins, particularly low-density lipoproteins (LDL)?!'2. Seminal
studies based on patients with familial hypercholesterolemia from Goldstein and Brown
elucidated the core processing pathway of LDL via the LDL receptor (LDLR) in the liver?!3.
However, the overabundance of circulating cholesterol is only one side of the atherosclerosis
equation. Initial predictions of the inflammatory nature of atherosclerosis development came

from Rudolf Virchow in the mid-19'" century, although this wasn’t widely supported until the
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turn of the 21 century?!4. Regardless, it is now appreciated that atherosclerosis does not result
from the passive accumulation of lipid within artery walls, but rather, the active, complex
inflammatory response to lipid accumulation?!?,

As alluded to above, LDL particles transport cholesterol through the circulatory system
and act as the initiators of lesion development. Apolipoprotein B (ApoB) 100 forms the protein
backbone of the LDL particle?!®. This becomes problematic upon entry into the subendothelial
space of the vasculature, where basic residues on ApoB100 can interact with negatively charged
proteoglycans in the extracellular matrix?!”. The retention of LDL particles can lead to their
oxidation or enzymatic cleavage, producing modified LDL that can trigger inflammatory
signaling?'®2!?. The proteoglycans that trap LDL particles are produced by smooth muscle cells,
which can also act as some of the earliest initiators of inflammatory signaling. Upon exposure to
modified lipoproteins, these smooth muscle cells generate chemokines that attract monocytes to
the point of inflammation?2°-222, Subsequent differentiation of monocytes to macrophages
represents a key step in atherogenesis because they functionally differ from tissue resident
adventitial macrophages that regulate vascular collagen deposition*?* and replicate locally within
the intima??*2%, Proliferation of monocyte-derived macrophages can overtake this resident
macrophage population and fuel the inflammatory tone of the plaque®?¢. Just as modified
lipoproteins can trigger activation of smooth muscle cells, the same process applies to lesional
macrophages. Cholesterol crystals??’, oxidized LDL?%%, and dysregulation of cholesterol
efflux???, can prime and activate the NOD-, LRR- and pyrin domain-containing protein 3
(NLRP3) inflammasome, leading to processing and secretion of IL-1. Furthermore, mTORCI1
activity, which can support inflammatory signaling, is increased under high cholesterol

conditions?*°, and has been connected to worsened atherosclerosis following high protein diet
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feeding due to elevated plasma leucine levels**!232, Additional inflammatory regulators such as
receptor-interacting serine/threonine-protein kinase 1 can support atherosclerotic lesion
development?3?, If circulating cholesterol levels are not restrained, macrophages and smooth
muscle cells eventually become lipid laden and develop a foam cell phenotype. Foam cells in
advanced plaques are made up of macrophages and smooth muscle cells that acquire macrophage
markers?**23¢, Even though foam cells themselves display generally anti-inflammatory
macrophage gene signatures®’, they are prone to undergoing cell death, which can itself be an
inflammatory event®*®, Eventually, without adequate efferocytosis of dead cells, a necrotic core
can form within the plaque that is secured by a fibrous cap produced by smooth muscle cells?*°.
Should this fibrous cap thin, it can lead to thrombosis, clotting, and potential stroke or heart
attack?40.

Given that monocytes and macrophages are some of the earliest initiators of
atherosclerotic lesions, it is no surprise that hematopoiesis, or the production of circulating
immune cells from a small subset of restricted stem cells, plays a key role in atherosclerosis
progression. The hematopoietic system under homeostatic conditions is housed in the bone
marrow. Here, hematopoietic stem and progenitor cells (HSPCs) respond to cues from the
surrounding microenvironment that can bias their differentiation towards either myeloid or
lymphoid lineages. In the context of atherosclerosis, hypercholesterolemia has been shown to
bias HSPCs towards the myeloid lineage, resulting in overproduction of cells such as monocytes
and neutrophils?*!=2#, This can also result from endothelial cell dysfunction under
hypercholesterolemic conditions as well?*. Additionally, accumulation of HSPCs in the spleen
can support extramedullary hematopoiesis, further supplying a pool of myeloid cells into

245-247

circulation . Together, these two reservoirs overproduce monocytes, but there is also
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evidence that the cells are epigenetically wired to be more proinflammatory. The concept of
trained immunity refers to the incorporation of epigenetic marks following exposure to an acute
stimulus that generates a magnified response when cells are stimulated a second time?*. Mice
fed a western diet have been shown to develop trained immunity in HSPCs that leads to long
term proinflammatory potentiation®*’. This phenomenon has also been observed following
exposure to oxidized LDL?** and hyperglycemia®!, stimuli that are highly relevant to
hypercholesterolemic conditions. These long term effects can pass through generations,
considering offspring display epigenetic hematopoietic rewiring and worsened atherosclerosis if
their mothers consumed a western-type diet>*>2>3, Beyond hypercholesterolemia-induced bias in
progenitors, outgrowth of mutated hematopoietic stem cells (HSCs) can also contribute to
myeloid bias. This is termed clonal hematopoiesis and is officially described as the expansion of
HSC clones in the absence of other hematopoietic abnormalities. Mutations in epigenetic and
signaling regulators such as DNMT3A4, TET2, ASXLI, and JAK? are significantly associated with
greater risk of developing coronary artery disease?*, though DNMT3a and TET?2 seem to be the

most common by a wide margin?>?

. While there is significant data suggesting that clonal
hematopoiesis is a symptom, rather than a driver of atherosclerosis due to elevated HSC
proliferation under hypercholesterolemic conditions®*¢, newer evidence from a longitudinal study

in human patients?>

and in mice*’ demonstrates that it is more likely a driver of atherosclerosis.
However, it is probable that greater hypercholesterolemia-dependent HSC proliferation, in
addition to the accumulation of somatic mutations, contributes to the negative role of
hematopoietic rewiring during atherosclerosis. All together, these immune-mediated mechanisms

within and beyond the plaque microenvironment fuel the long term growth of atherosclerotic

lesions in hypercholesterolemic settings.
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1.3.2 AMPK as a regulator of cholesterol metabolism and its potential contribution to
atherosclerosis

The dysregulation of circulating and intracellular cholesterol metabolism drives
atherosclerosis. High levels of free cholesterol within the cell can be acutely toxic owing to its
disruption of membrane composition, as well as potent modulation of metabolism downstream of

238 ' As such, intracellular

oxidation by either enzymatic or ROS-generated oxysterol species
cholesterol levels are tightly regulated through coordinated uptake, esterification, storage,
lipolysis, efflux, and de novo production of cholesterol species. AMPK has been implicated in a
number of the regulatory steps in cholesterol metabolism, each potentially contributing to its role
in exerting anti-atherosclerosis activity.

The main exogenous source of unmodified cholesterol in macrophages is LDL and is
taken up through the LDLR system. Following binding of LDL to LDLR, the receptor and its
ligand are internalized via the endomembrane system, whereby LDLR is returned to the plasma
membrane in the recycling endosome?®. Alternatively, modified forms of LDL such as oxidized
or aggregated LDL can also be internalized, though this is facilitated by scavenger receptors that
do not respond to LDLR feedback mechanisms?**2¢!, One such feedback mechanism is through
proprotein convertase subtilisin/kexin type 9 (PCSK9)?62-263_ which can bind LDLR and prevent
recycling to the cell surface; however, this is less relevant in macrophages due to low PCSK9
expression. Endosomes containing LDL can fuse with the lysosome, leading to the generation of
free cholesterol from cholesteryl esters (CE) via the action of lysosomal acid lipase?%*.

Lysosomal export of free cholesterol depends on the Niemann-Pick type C proteins, where

Niemann-Pick type C2 is a soluble lysosomal protein that transfers free cholesterol to Niemann-
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Pick type C1, a transmembrane protein, for release into the cytosol*®. From there, cholesterol
can be trafficked to either the plasma membrane, ER, or lipid droplets. In the ER, acyl-
CoA:cholesterol acyltransferase 1 catalyzes the esterification of free cholesterol to CE?®6, which
given sufficient CE to phospholipid ratio, can bud and form nascent lipid droplets?¢’. This pool
of stored cholesterol in the form of CE can be liberated upon lipid droplet fusion with lysosomes

in a selective form of autophagy referred to as lipophagy?®®

. Alternatively, lipolysis initiated at
the lipid droplet by any lipolysis regulators such as adipose triglyceride lipase can contribute to
release of free cholesterol, as well as lipid droplet size reduction for more efficient lipophagy?®°.
Beyond uptake, free cholesterol can also be synthesized de novo in an energetically costly
pathway that converts acetyl-CoA into various downstream sterol and isoprenoid species, the
latter of which are important for membrane localization of proteins?’®. The rate limiting step in
de novo cholesterol synthesis, otherwise known as the mevalonate pathway, is catalyzed by
HMGCR, which reduces HMG-CoA to mevalonate, consuming NADPH in the process.
HMGCR is also the target of the majority of statin classes, which remain some of the most
highly prescribed drugs in the world for treating reducing hypercholesterolemia?’!?’2, HMGCR
is an ER transmembrane protein that is exquisitely responsive to changes in cholesterol and
oxysterol levels, leading to transcriptional, post-transcriptional, translational, and degradative
regulatory mechanisms?’*274, From a protein stability perspective, high sterol conditions lead to
insulin-induced gene 1 (INSIG1) stabilization and binding to HMGCR?7>, This brings one of
three E3 ubiquitin ligases into close proximity to HMGCR, gp78276, TRC82"7, or RNF145%7%, to
facilitate ubiquitination and subsequent ER-associated degradation in the 26S proteasome. These

interactions do not occur under sterol-depleted conditions, allowing for stabilization of HMGCR

protein levels and elevated cholesterol synthesis. Additionally, HMGCR is regulated at the
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transcriptional level by the ER-bound transcription factor sterol regulatory element-binding
protein 2 (SREBP2), which is itself highly sensitive to sterol levels. Here, an adaptor protein
called SREBP cleavage-activating protein (SCAP) binds to COPII vesicles and SREBP2 within
the ER membrane?’®-2%°, Under high sterol conditions, INSIG1 binds to SCAP and retains
SREBP2 in the membrane, opposing transcription of cholesterol synthetic genes?®!. When sterols
are depleted, SCAP undergoes a conformational change, supporting an interaction with COPII
vesicles that facilitate the transfer of SREBP2 to the Golgi, where it is cleaved and activated by
Golgi-specific proteases?®?. The cleaved N-terminus of SREBP2 then translocates to the nucleus,
where it stimulates transcription of cholesterologenic genes such as HMGCR?®. Notably,
fatostatin represents a statin-family drug that retains SREBPs in the ER, contrasting with other
statins that target HMGCR activity?*,

As cholesterol cannot be enzymatically degraded in mammalian cells, it is essential to
export excess cholesterol to avoid intracellular accumulation, as is a hallmark in atherosclerotic
macrophages. There are two main cholesterol efflux transporters in macrophages, those being
ATP-binding cassette transporter (ABC) A1 and ABCGI, which facilitate the transfer of
intracellular free cholesterol to extracellular acceptors ApoA1l and HDL, respectively?®. The
control over this process is governed by the oxysterol-sensitive transcription factors, the liver X
receptors (LXR)?*¢, Upon oxysterol binding to LXRs, they heterodimerize with retinoid X
receptors and bind to LXR-responsive elements, triggering transcription of target genes such as
Abcal and Abcgl and ultimately increasing cholesterol efflux?®7-2%8, This is part of a larger
process termed reverse cholesterol transport, wherein HDL cholesterol is transported back to the

liver to facilitate bile acid production and excretion via the intestines?®°.
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This combination of cholesterol uptake, esterification, storage, lipolysis, de novo
synthesis, and efflux coordinately ensures that cellular cholesterol levels do not fall out of an
acceptable range. AMPK foreseeably impacts intracellular cholesterol homeostasis across a
broad range of regulators that affect these processes, although how these work in concert during
atherosclerosis remains obscure. First, AMPK has been shown to associate with C-terminus of
LDLR itself?*°, However, this AMPK-LDLR interaction were not explored further. AMPK can
also regulate lipid droplet dynamics in several ways. AMPK regulates the release of free
cholesterol and fatty acids by phosphorylating the lipolysis regulators hormone sensitive lipase
and adipose triglyceride lipase®!; however, only the latter is activated by AMPK. It is worth
noting that, in spite of its nomenclature, hormone sensitive lipase and adipose triglyceride lipase
are both readily expressed in macrophages®2. Furthermore, AMPK-mediated phosphorylation of

292293 "where additional

perilipin 2 and 3 has been shown to support lipolysis of lipid droplets
phosphorylation of CHK2a leads to perilipin 2/3 degradation®**. In response to starvation
conditions, AMPK has also been shown to redistribute lipid droplets along microtubules with
implications on B oxidation?>. AMPK phosphorylation of ORP8 was recently shown to be
supportive of lipophagy initiation?*®. Considering lipolysis often works in concert with
lipophagy?®®, AMPK may exert synergistic functions in supporting lipid droplet catabolism.
Beyond regulating cholesterol storage and lipolysis, perhaps the most well characterized
interaction between AMPK and cholesterol metabolism is its direct phosphorylation of HMGCR,
which occludes binding of HMG-CoA within the active site, preventing mevalonate
production®’. However, AMPK regulation of HMGCR may not be limited to activity

suppression. AMPK phosphorylation of INSIG1 leads to elevated INSIGI stability, potentially

increasing HMGCR ubiquitination and targeting for degradation®*®. While this was not
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experimentally demonstrated, AMPK phosphorylation of INSIG1 did have a marked effect on
SREBP processing?®®. Considering INSIG1 regulates SREBPs through binding to SCAP, as well
as HMGCR by facilitating contact with E3 ubiquitin ligases that target it for degradation, AMPK
may exert multiple layers of regulation on de novo cholesterol synthesis. There is also evidence
for AMPK phosphorylating nuclear SREBP2, even though an exact site was not identified and
this remains somewhat speculative?”®. The final link between AMPK and cholesterol
homeostasis relates to cholesterol efflux. AMPK activation has been shown to increase LXR
protein levels, potentially in a BRCA1/BRD4-dependent mechanism that remains poorly
defined’*-3°!, However, this does align with functional improvements observed in cholesterol
efflux following AMPK activation®?%-3%2, Collectively, AMPK is likely involved in many aspects
of cholesterol regulation, making it imperative that specific models are applied to determine the

physiological role for these phosphorylation sites in vivo (Figure 1.5).

35



» % £
LDL ApoAT a b > &
AMPK phosphorylation C  Free cholesterol

J) HDL Q Activating CE  Cholesteryl ester
@® Inhibitory ®%™  Ubiquitin chain
LDLR
ABCA1 ABCG1 — Ty
Internallzatlon (¢} / Nucleus

LDLR lnteractlon ? / \ \

Enhanced efflux?
Lysosome / Abcat
Abcg1
Lysoslomal @ CD

fusion
s (e @s

LXR

9 ) @
stabilization?
Elevated lipolysis Lipophagy 9
/i 1 Free chol

ncreased lipophagy /
export
\ —— /
Esterification (ER)
and storage (LD)
C —> CE

\

o GEBe G

Lipolysis
@D
Inh/b/t/on of !
4 nSREBP?2 activity?
3 HMGCR Golgi transport
activity suppression and processing |

e HMG-CoA Sterols Fatostatin

T ERAD .\»
HMGCR degradation? Mevalonate

Isoprenoids
/_> i ~ Statins

SREBP?2 retention

ER lumen HMGCR SREBP2

SCAP

Figure 1.5: AMPK regulates cholesterol metabolism at multiple steps. Cholesterol is taken up into cells
via LDL binding to LDLR and internalization into the endosomal compartment. AMPK interacts directly with
the LDLR C-terminus (1). Following lysosomal fusion, CE is broken down into free cholesterol and is
exported into the cytosol. This cholesterol can be re-esterified in the ER and stored in lipid droplets (LD).
CE stored in lipid droplets can be released through either elevated lipolysis, which is regulated by AMPK
targets such as ATGL, HSL, or perilipin 2/3 (2), or through autophagic breakdown of lipid droplets via
lipophagy, of which the AMPK target ORP8 is a positive regulator (3). De novo cholesterol and isoprenoid
synthesis is fueled by HMGCR-mediated reduction of HMG-CoA to mevalonate, where AMPK can directly
inhibit this process through phosphorylation (4). INSIG1 directly regulates HMGCR protein stability, as well
as SREBP2 retainment in the ER. AMPK increases INSIG1 protein stability through phosphorylation,
potentially increasing HMGCR degradation (5) or SREBP2 retention (6). Under low sterol conditions, SCAP-
SREBP2 translocates to the Golgi, is cleaved to its active nuclear form (nNSREBP2), then triggers
transcription of cholesterologenic genes such as HMGCR. AMPK has been implicated in directly
phosphorylating and inhibiting nSREBP2 (7). AMPK activation can also result in stabilization of LXR,
leading to enhanced transcription of Abca1 and Abcg1 (8), which may have functional implications in the
export of intracellular free cholesterol to acceptors ApoA1 and HDL (9). Only canonical LDLR-mediated
cholesterol uptake depicted.
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1.3.3 Mouse models of atherosclerosis and our current understanding of AMPK regulating
disease

As human atherosclerosis development takes place over decades, it is difficult to
physiologically model the disease in animals. Diets rich in cholesterol and lipid such as a western
diet (WD) do not increase circulating cholesterol levels sufficiently to induce rapid

393, For

atherosclerosis in mice, unless employing a supraphysiological 1.25% cholesterol die
reference, most chow diets contain no added cholesterol, and the recommendation for human
consumption is below 0.1%%. Mouse susceptibility to developing atherosclerosis depends on
the strain, where C57BL/6J mice were more prone to develop atherosclerotic lesions®®.
Additionally, matching the lipoprotein profile from mice to humans remains a challenge. At
baseline, mice transport cholesterol primarily in high-density lipoproteins (HDL), whereas
humans transport a majority in LDL?%. This is due in part to human expression of cholesterol
ester transfer protein, which can facilitate the transport of CE from HDL to LDL3,
Additionally, human plasma cholesterol concentrations are approximately twice that of mice3%.
Thus, there was a need for genetic models to both accelerate disease and more accurately
model the lipoprotein profile relevant to human atherosclerosis. The first widespread murine
atherosclerosis model was the Apoe”” model, where ApoE is an integral component of most
lipoproteins except for LDL37-3%8 Mice lacking ApoE develop atherosclerosis spontaneously,
even in the absence a high cholesterol diet, due to sizable increases in very low-density
lipoproteins (VLDL). An alternative model discovered shortly thereafter was the Ldlr”- model
309 Considering hepatic LDL clearance is principally responsible for controlling systemic LDL

levels, its deletion leads to strong increases in circulating LDL3%. In contrast to the 4poe” mice,

Ldlr’- mice require a high-fat, high-cholesterol diet to develop advanced atherosclerosis,
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representing a severe, but less drastic model than Apoe”” mice’*”. However, the lipoprotein
profile is more similar to that of humans, where LDL drives atherosclerosis, rather than VLDL in
the case of Apoe” mice. ApoE is also involved in HDL formation, which when absent, leads to
dysfunctional HDL and therefore reduced reverse cholesterol transport*!°, Furthermore, ApoE is
highly expressed in myeloid cells and contributes to hematopoietic regulation’!!. Strikingly, a
bone marrow transplant (BMT) of WT bone marrow into Apoe”” mice shields Apoe” mice from
atherosclerosis development®'2. Due to these additional confounding factors observed in Apoe”
mice, subsequent attempts at mouse model generation have focused on mimicking the Ldlr"
lipoprotein phenotype due to its similarity to human disease.

LDLR recycling in hepatocytes is regulated by PCSK9, which when absent causes

autosomal dominant familial hypercholesterolemia’!?

. Observations that PCSK9 overexpression
recapitulated the phenotype of the Ldlr”~ mouse®'* eventually led to the development of a reliable
adeno-associated virus (AAV)-based gain of function PCSK9 variant (Pcsk9-AAV) that
similarly mimics the Ldlr"~ background?'3. This model avoids the need to cross mice onto an
Ldlr’- background and also does not affect germline expression of LDLR. However, PCSK9 can
be proinflammatory on its own, as patients administered PCSK9 inhibitors have reduced
proinflammatory cytokines within carotid plaques?!6. Additional methods to increase circulating
cholesterol levels include administration of antisense oligonucleotides targeted against LDLR3!7,
as well as CRISPR-AAYV approaches to generate liver-specific deletion of LDLR?!8, In general,
these models induced hypercholesterolemia, though to a lesser extent than in Ldlr”- mice.

Despite the differences between mice and humans, this collection of mouse models can generally

replicate the most relevant pathological signatures observed in human coronary artery disease®!”.
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The role of AMPK in regulating atherosclerosis is somewhat conflicting.
Pharmacological activation of AMPK using direct and indirect activators from the initiation of
atherosclerosis strongly supports an anti-atherogenic effect of AMPK activity 29%-320-323,
However, targeted approaches using tissue-specific and knock-in models have yielded
contrasting results.

Myeloid AMPK al deletion led to increased atherosclerosis on an Ldlr”~ background,
though the effect was subtle, and traced to changes in inflammatory gene transcription®?*, of
which AMPK is an established regulator®?’. In contrast, AMPK al deletion on an Apoe™
background attenuated atherosclerosis, in part due to an apparent increase in monocyte to
macrophage differentiation®?°. This was supported by an additional Apoe” study*?’. Surprisingly,
even myeloid AMPK a2 deletion, despite a2 being lowly expressed in myeloid cells, led to
reduced atherosclerosis burden on an Apoe” background®?®. Thus, there appears to be distinct
differences in how AMPK affects atherosclerosis depending on the model of
hypercholesterolemia. In line with this, work from our lab has demonstrated that combinatory
myeloid deletion of al and a2 subunits has no effect on Pcsk9-AAV-induced atherosclerosis®®’.
This study also did not observe significant atheroprotective effects following administration of
an ADaM site activator six weeks after inducing hypercholesterolemia®?. More studies will be
required to determine if AMPK activation can feasibly reduce lesion sizes if started after the
initiation of atherosclerosis.

Beyond the myeloid compartment, endothelial AMPK has been shown to be
atheroprotective due to AMPK activation following laminar flow disruption. This was
mechanistically tied to an increase in glycolysis that ensured proper endothelial barrier integrity

in atheroprone regions of the vasculature®*°. However, smooth muscle cell deletion of AMPK a2
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reduced atherosclerotic burden in Apoe” mice, an effect mapped to increased plaque stability33!.

Again contrasting with these results, AMPK a2 knockout mice, which would theoretically affect
endothelial cells and smooth muscle cells to a greater extent than myeloid cells, developed
worsened atherosclerosis on an Ldlr”- background due to elevated ER stress3*2. A link between
Prkaal expression and miR-33 has also been made, where miR-33-induced suppression of
Prkaal alters macrophage polarization and atherosclerosis in an Ldlr”~ model. However, the
effect on protein level regulation was less clear’?3. Therefore, despite systemic administration of
pharmacological activators leading to reduced atherosclerosis, tissue specific knockouts on an
Apoe”’~ background are generally supportive of a pro-atherogenic role for AMPK. This contrasts
with most studies based on Ldlr"~ or Pcsk9-AAV backgrounds, where the opposite is observed.
Future studies must be directed towards comparing these models in the context of tissue-specific

AMPK disruption to clarify these inconsistencies.
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1.4 Host defense against Salmonella enterica infection

The following section departs from the chronic inflammatory state induced by
hypercholesterolemia, and ventures into the tactical triggering of acute inflammation by the
gram-negative bacteria Salmonella enterica. Topics will include Salmonella enterica virulence
mechanisms in vivo, as well as macrophage defenses employed to fight intracellular Salmonella

enterica replication alongside what is known about AMPK and regulating bacterial infection.

1.4.1 Historical discovery of salmonellosis and classification

Salmonella is a genus of gram-negative bacilli in the Enterobacteriaceae family that
typically causes gastroenteritis in humans, or in the case of some serovars, typhoid fever.
Salmonella was first discovered in 1855 and subsequently named after an American pathologist
Daniel Elmer Salmon. The Salmonella genus is divided into two main species, Salmonella
enterica and Salmonella bongori, of which Salmonella enterica can be further subdivided into
six subspecies including S. enterica subsp. enterica, S. enterica subsp. salamae, S. enterica
subsp. arizonae, S. enterica subsp. diarizonae, S. enterica subsp. houtenae, and S. enterica
subsp. indica. Of these, Salmonella enterica subsp. enterica is responsible for over 99% of the
infections in mammals and humans***. Serovars, which are based on antigenicity of the O
antigen (somatic antigen; a component of lipolysaccharide), and H antigens (flagella antigen),
define individual subtypes of Salmonella, and currently number at over 2600, 1600 of which
belonging to Salmonella enterica®®.

The serovars of greatest concern to human health are Salmonella enterica subsp. enterica
serovar Typhi, Salmonella enterica subsp. enterica serovar Enteritidis, and Salmonella enterica

subsp. enterica serovar Typhimurium (S.Tm). These pathogens account for over 150,000 global
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deaths annually, while the number of cases in Canada numbers close to 90,000°3¢. For the
purposes of this thesis, though distinct serovars exhibit different virulence mechanisms, the

following sections will focus on S.Tm.

1.4.2 Salmonella infection dynamics in vivo

Initial infection in the gastrointestinal tract

S.Tm and related non-typhoidal Salmonella enterica species are food-borne pathogens,
and as such have developed sophisticated virulence mechanisms to outcompete intestinal
microbiota and invade the epithelium and immune cells in the gut. Intestinal microbiota diversity

337 prompting the need for

can oppose outgrowth of S.Tm by competing for nutrient resources
prior antibiotic administration in some mouse models of S.Tm infection®?8. To circumvent this
colonization resistance, S.Tm relies on host inflammatory responses to facilitate a successful
infection. Inflammation in this case is a tissue-specific response to infection, resulting in
cytokine production that attracts immune cells to the point of infection®*. S.Tm invasion is
initiated in the Peyer’s Patches, where it employs a type three secretion system to inject
Salmonella pathogenicity island (SPI)-1 effector proteins into M cells to facilitate infection®*°.
Through activation of Wnt/B-catenin signaling, S.Tm can also enhance epithelial-to-
mesenchymal transition of gut epithelial cells and increase the number of susceptible M cells**!.
Within one hour of invasion, M cells lyse, resulting in a gap in the follicle-associated epithelium
that allows S.Tm to invade adjacent enterocytes. This generates SPI-1-dependent inflammation,
triggering myeloid differentiation primary response 88 (MyD88)-related inflammatory

signaling**?. Inflammation serves S.Tm in several ways. First, increased infiltration of

neutrophils into the gut lumen results in ROS that generates tetrathionate, which can serve as a
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terminal electron acceptor in S.Tm respiration®*’. Additionally, mucins are upregulated during
intestinal inflammation and provide amino acids that S.Tm seeks out for survival***. This occurs
in a chemotaxis-dependent manner, in which nutrient ligands transmit signals to flagellar
machinery and trigger movement towards these nutrients. S.Tm expresses eight established
chemosensory receptors, of which three have been demonstrated to affect fitness during
intestinal colonization®*-46, Among amino acids, aspartate is particularly important for S.Tm-
induced inflammation and is imported alongside malate’*’. Aspartate can then be used as a fuel
source for fumarate-dependent anaerobic respiration downstream of commensal bacterial lysis*#3.
One of the most strongly induced proteins by epithelial cells during the inflammatory response is
the antimicrobial lipocalin-2, which is secreted into the intestinal lumen to limit bacterial iron
uptake*®. To counter this, S.Tm expresses an enzyme that can oppose lipocalin-2, providing a
competitive advantage®°. Emerging evidence also supports a role for galvanotaxis, or the

351,352

influence of electrical potentials around certain cells, to direct invasion . In this model,

certain areas of the gut such as the follicle associated epithelium, which contains M cells, exhibit

differing electrical potential relative to other villi-covered areas>?

. Therefore, S.Tm is well
equipped to deal with host antibacterial responses in the gut, and employs a combination of

energy taxis, chemotaxis, and galvanotaxis-based strategies to outcompete intestinal microbiota

to invade the intestinal epithelium.

Systemic infection and long-term persistence

Once S.Tm escapes through the gut, it enters systemic circulation through a still unclear
mechanism. However, the mesenteric lymph nodes, which serve as a transition point between the

gut and systemic circulation, can harbour S.Tm for over a year in mouse models of persistent
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infection3?3

. Other work has also pointed to the hepatobiliary system as a niche for persisting
S.Tm due to a lack of bacterial killing mechanisms>*. Regardless, macrophages represent a
primary reservoir for S.Tm, in which non-replicating S.Tm can establish long-term persistence
and protection from antibiotics*>>. Macrophage subtypes in vivo are complex but can be
approximated to align with well-established in vitro polarization states. M 1-like macrophages are
canonically induced through exposure to lipopolysaccharide (LPS) and represent a classical
antibacterial response. This is accompanied by aerobic glycolysis and production of
proinflammatory cytokines. M2-like macrophages, on the other hand, are generated through 1L-4

356

exposure and resemble macrophage populations specialized in wound healing’>°. Of note, most

tissue-resident macrophages exhibit more M2-like characteristics at baseline, potentially due to

close association with resident B cells®’

. Granulomas are microstructures comprised of

macrophages and other immune cells and can serve as a protection zone for S.Tm. Interestingly,
their long-term persistence can be traced to residence within macrophages expressing inducible
nitric oxide synthase (iNOS), and are physically distant from Th1 cells that may be required for

efficient bacterial killing>®

. Despite expression of iNOS, which is typically an M1-related
marker, M2 gene programs are more closely associated with permissiveness over the long
term333%0, §. Tm enforces this state through SPI-2-dependent metabolic rewiring to make
macrophages more permissive to infection and help S.Tm survive antibiotic administration®!. It
is worth noting that only certain mouse models can develop persistent infection. Expression of
Nramp1, which is an iron transporter essential for bacterial killing, can dictate whether a mouse

362,363

strain is susceptible to S.Tm infection . The commonly used C57BL/6J mouse line does not

express Nrampl, and therefore succumbs quickly to even low amounts of bacteria*®. Altogether,
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S.Tm uses a combination of virulence mechanisms to invade the gut and establish long-term

reservoirs in macrophages.

1.4.3 Macrophage killing mechanisms downstream of Salmonella infection

As established above, macrophages are the primary reservoir for S.Tm in vivo. The give
and take of macrophage killing mechanisms versus S.Tm evasion dictates whether a successful
cellular, and ultimately, systemic infection will ensue®®®. Macrophages attempt to phagocytose
and kill S.Tm or undergo cell death themselves in order to transmit signals to nearby immune
and non-immune cells. The following section details how S.Tm affects these processes and how

it generates a protective niche that allows it to survive intracellularly.

S.Tm and PRR signaling

Pattern recognition receptors (PRRs) become activated upon engagement of their cognate
pathogen-specific ligands. In the case of S.Tm, it triggers signaling through several toll-like
receptors (TLRs), NOD-like receptors (NLRs), and cytosolic nucleic acid sensors. Upon binding
to TLRs, signals are either transduced through MyD88, which is associated with classical
induction of nuclear factor kappa B (NF-kB)-mediated transcription, or TIR-domain-containing
adaptor-inducing interferon-f (TRIF), which stimulates an antiviral type I interferon response.
S.Tm flagellin, lipoproteins, and genomic DNA triggers TLRS, TLR2, and TLR9 activation,
respectively, all of which lead to MyD88 activation®¢®3%_ S, Tm LPS activates TLR4/CD14,
leading to both MyD88 and TRIF-dependent signaling®*>3¢8-37% These overlapping TLRs trigger
robust induction of NF-kB-mediated transcription that increases protein levels of antimicrobial

proteins such as NADPH oxidase 2 (NOX2) and iNOS, inflammasome components,
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proinflammatory cytokines, and metabolic regulators®’!. However, TLR-dependent phagosomal
acidification is also required for S.Tm expression of SPI-2 genes that support intracellular
survival’®®, Qutside of TLRs, NLRs include a family of cytosolic PRRs, of which S.Tm can
activate the NLRP3 and NLRC4 inflammasomes due to sensing of bacterial mRNA372373,

374375 as well as the SPI-1 needle and inner rod proteins®’¢7¥, Inflammasome activation

flagellin
leads to caspase-1 activation and cleavage of the proinflammatory cytokines pro-IL-1f and pro-
IL-18 to their active forms, as well as gasdermin D, which creates pores through which IL-18
and IL-18 can be secreted?”**80. Caspase-1 in particular is important in the early stages of
infection, while caspase-4 is more relevant as the infection progresses®®!. Additionally, cGAS-
STING-mediated sensing of mitochondrial and degraded bacterial DNA contributes to the full
type I interferon response following S.Tm infection3®2,

One of the outputs of PRR signaling is cytokine production designed to alert other cell
types to the presence of S.Tm. Unlike neutrophils or some T cells, which can store cytokines in
granules that are released upon an intracellular trigger, macrophages rely on constitutive
secretion of cytokines following their de novo synthesis and subsequent endosomal trafficking.
Canonical constitutively secreted cytokines include IL-6 and tumour necrosis factor alpha (TNF-
a). IL-6 is an example of a soluble cytokine that is generated and processed through the
recycling endosome before fusing with the plasma membrane and releasing into the extracellular
space®®3, TNF-q, in contrast, is trafficked as a membrane protein, which is then cleaved by
matrix metalloproteinase 9 to trigger its release®®’. However, to increase secretion of either of
these cytokines, there must be a corresponding increase in transcription and translation. This is

accomplished via activation of NF-kB and Janus Kinase-signal transducer and activator of

transcription (STAT)-mediated transcription®34. AMPK activation has been associated with
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suppression of both of these pathways, thereby exerting general anti-inflammatory effects,

though the precise mechanisms remain unclear. AMPK activation negatively regulates NF-«xB
transcriptional activity for select inflammatory targets such as //6 and /12b, while sometimes
being observed to increase IL-10 secretion in innate immune cells*?°-*%5, Additionally, AMPK
can inhibit STAT1 nuclear localization, potentially explaining reductions in proinflammatory
transcript expression**¢, Work from adipocytes supports a model in which AMPK inhibits

STAT3 phosphorylation downstream of IL-6 receptor signaling, as well as preventing NF-kB
nuclear translocation®®’. Collectively, macrophages sense S.Tm through a multitude of inputs,
leading to complex downstream signaling that integrates S.Tm invasion with gene expression

changes, though the relevance of AMPK in this process requires further investigation.

S.Tm phagocytosis and the role of autophagy in bacterial killing

Macrophage phagocytosis of gram-negative bacteria occurs through several distinct
receptors depending on whether the bacterium has been modified. Both antibody-mediated
opsonization and complement-mediated coating of bacteria can render S.Tm an easier
phagocytosis target. The Fc receptors, of which FcyRI, FcyRII, and FcyRIII are expressed in

388 Meanwhile, B2 integrins such

macrophages, mediate antibody-dependent uptake of pathogens
as CD11b and CDl1 ¢ can serve as complement receptors®®®. TLR4, described above for its role
in sensing LPS and transmitting pathogenic signals, also plays a direct role in the uptake of
gram-negative bacteria through one of its adaptors®*’.

Following uptake into macrophages, S.Tm forms what is called the Salmonella-

368

containing vacuole (SCV) that depends on cues from phagosome acidification’*®. This is unique
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to S.Tm when compared with other intracellular bacterial pathogens such as Shigella spp, which
instead opt to lyse the phagosome to escape into the cytosol**!. The timeline for SCV
development typically includes an initial phase within 30 min of uptake, wherein the membrane
is enriched in early endosomal markers such as Rab5. Within another 30 min, late endosome or
lysosomal markers such as V-ATPase are enriched on the SCV, which functions to reduce the
luminal pH while the SCV translocates to a juxtanuclear position**®3*2, However, hundreds of
host proteins in the endomembrane system have been identified as targets of S.Tm effectors
during the uptake of S.Tm and establishment of the SCV, the majority of which remain
uncharacterized***. During phagosomal acidification, one survival mechanism S.Tm employs is
to decrease its cytosolic pH to handle acid stress***. Additional contact points with V-ATPase
exist, where SopF expression and modulation of V-ATPase ADP-ribosylation leads to inhibition
of xenophagy3?°. Also present in the mature phagosome are numerous antibacterial peptides such
as defensins*®.

Autophagic degradation of internalized bacteria represents a key antibacterial defense
pathway>°73%, Termed xenophagy, this specialized form of autophagy exhibits several key
differences from macroautophagy in the context of S.Tm infection. To replicate and spread,
S.Tm must escape the SCV niche and enter the cytosol. Mammalian cells can sense cytosolic
S.Tm through galectin family proteins, which specialize in binding carbohydrates**°. SCV-
induced damage to the endomembrane system often occurs while it is being established, resulting
in recognition by host galectin-84%°, This leads to an association with the autophagy receptors

NDP52, optineurin, and p62, fueling autophagosome engulfment*0-402

. This is also accompanied
by mTORCI inactivation*®3, as well as potential galectin-9-mediated activation of AMPK

through TAK 1, though this was not explicitly tested with S.Tm®. Changes in host ubiquitin
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signaling is another hallmark of S.Tm infection, and is required for coating of cytosolic bacteria
prior to xenophagy***%°, This is accomplished by a variety of E3 ubiquitin ligases that either
recognize and ubiquitinate S.Tm directly or indirectly**®. Beyond xenophagic degradation, there
is also evidence that ubiquitin chains can be physically removed in an ATP-dependent process

407

that causes bacterial cell lysis*”’. Linear chains in particular are also important for activating NF-

kB signaling, fueling the inflammatory response to S.Tm?#08:4%%,

The role of AMPK in macroautophagy, and by extension, xenophagy, requires revision
given recent findings. Macroautophagy consumes large amounts of ATP, and while it is
activated under prolonged starvation conditions and can help restore cellular energy balance, it is
not an energy-efficient process in the short term. Acute glucose starvation activates AMPK and
inhibits mMTORCI1, which were long presumed to exert opposing effects on autophagy induction
through AMPK activation and mTORCI1 inhibition of their shared target, unc-51-like autophagy-
activating kinase 1 (ULK1)*!°, However, in recent years it has become clear that glucose
starvation, rather than inducing autophagy as is observed in amino acid starvation, inhibits
autophagic flux*!!-*15, AMPK drives this process by inhibiting autophagosome maturation,
which is observable downstream of glucose starvation and allosteric AMPK activation, though
AMPK likely exerts some inhibitory effect during amino acid withdrawal as well*'>*#*17, This is
due to AMPK phosphorylation of ULK1 S556 and T660, but only in the presence of the
mTORCI1 phosphorylation site S758, leading to the stabilization of the AMPK-ULKI1 interaction
and inhibition of ULK1 activity*!7*!¥, This inhibition is likely the result of ULK1 sequestration
by scaffolding protein 14-3-3, which also depends on AMPK-mediated S694
phosphorylation*!#?°, Though AMPK has generally been considered to have pro-xenophagy
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activity®', it is important to contextualize these findings within the framework that AMPK
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acutely inhibits ULK1 activity. Since ULK1 is required for xenophagy induction*??, there may be
some anti-xenophagic effects of AMPK activation. From another angle, AMPK was recently
shown to directly phosphorylate parkin to induce selective mitophagic degradation®?°. Parkin is
an E3 ubiquitin ligase responsible for coating S.Tm in ubiquitin to fuel the host xenophagy
response*?, which could positively link AMPK and xenophagy. Regardless, more work will be

required to determine the role of AMPK in bacterial-related autophagy.

Immunometabolic changes downstream of S.Tm

Engagement of various PRRs can trigger signaling downstream of S.Tm engagement that
drastically rewires macrophage metabolism to fulfill various antibacterial functions. Downstream
of TLR4, induction of aerobic glycolysis leads to increased glycolytic flux without a
corresponding increase in oxidative phosphorylation, despite oxygen being readily available.
This accomplishes several aims. First, it increases flux through the tricarboxylic acid (TCA)
cycle, which leads to increased abundance of key antimicrobial metabolites in succinate,
fumarate, and the product of cis-aconitate decarboxylation, itaconate. The latter is the most

t424425 where itaconate can

highly induced metabolite in macrophages following LPS treatmen
influence metabolism through electrophilic modification of proteins***#*7 and direct inhibition of
succinate dehydrogenase®?®. Part of this increase in itaconate following S.Tm infection is
dependent on transcription factor EB (TFEB)*?°. Interestingly, AMPK directly phosphorylates an
upstream regulator of TFEB to increase its activity!*>. Given the importance of itaconate for
generating anti-bacterial responses, diverse bacterial species including S.Tm have developed

itaconate degrading pathways to combat itaconate production**%*!, Additionally, one of the

consequences of increasing itaconate is succinate accumulation*?®. This has been shown to be a
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key signal for S.Tm pathogenesis, since strains lacking a succinate transporter exhibit impaired
survival*2, It also plays an essential role in augmenting IL-1B production via HIF-1a*3.
Furthermore, the SPI-1 effector SopE2 inhibits serine synthesis while supporting glycolysis 434,
Another consequence of elevated flux through glycolysis is increased lactate production. Exactly
how glycolysis is induced by S.Tm is still somewhat obscure, though glycolytic flux is primarily
governed by upper glycolysis and lactate excretion**>. In line with this, phosphorylation and
activation of the glycolytic enzyme PFKL following LPS treatment has been shown to increase
production of FBP#*. During S.Tm infection, lactate can independently activate SPI-2 genes,
notably increasing SteE expression and promoting M1-like macrophage polarization*’. These
observations suggest that macrophage glycolytic rewiring is not only a byproduct of TLR
engagement, but rather, an intentional consequence of S.Tm virulence mechanisms.

Another metabolic pathway strongly induced during infection is arginine metabolism.
Arginine is a multifaceted amino acid that, in the context of bacterial infection, is taken up into
cells and processed by iNOS to generate nitric oxide (NO) and citrulline***. NO can be converted
into reactive nitrogen species (RNS) that have both antibacterial and direct effects on
metabolism. Accumulated NO can directly inhibit mitochondrial aconitase 2 and inhibit the
electron transport chain***#4, With an increase in NO, there is a corresponding increase in
iNOS-generated citrulline that is metabolized in two ways. The first is through elevated
expression of the enzyme laccase domain containing 1, which catalyzes the conversion of

citrulline to ornithine and isocyanate #1442

. This step links the early proinflammatory increase in
NO and citrulline to the immunosuppressive effects of polyamine accumulation later in the

inflammatory response 43444, The second route for citrulline metabolism is through the

arginosuccinate shunt, wherein arginosuccinate synthase 1 (ASS1) is induced to generate
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arginosuccinate from citrulline 4. Processing of arginosuccinate also leads to fumarate
production, a pathway that is important for inducing the interferon response 4. Collectively,
S.Tm infection in macrophages leads to drastic rewiring of glycolytic, TCA cycle, and arginine

metabolism.

ROS and RNS generation in response to S.Tm

ROS and RNS play key roles in the antibacterial response within macrophages. ROS
refers to any oxygen species that is more reactive than molecular oxygen, and includes
superoxide, hydroxyl and peroxy radicals, as well as non-radical H>O>, which unlike other ROS
forms, can diffuse across membranes*'’. Though ROS are produced constantly at low levels as a
byproduct of mitochondrial respiration or  oxidation, TLR engagement can augment
mitochondrially-produced ROS*® and directly modulate NF-kB signaling**’. The main targeted
producer of superoxide in phagocyte is NOX2, which when mutated causes severe persistent
bacterial and fungal infections*°. Additional superoxide may be produced by xanthine oxidase,
which can support proinflammatory cytokine production*’!. The manner in which NOX2-derived
ROS kills §.Tm is somewhat contentious, but it is likely a combination of affecting S.Tm ApH,
as well as inducing DNA and protein damage*?*, However, S.Tm counters this respiratory

burst by shifting metabolism to favour glycolysis*>

. Regardless, real-time measurements of
oxidative and nitrosative stress support the view that when S.Tm resides within the SCV, it
experiences minimal redox stress owing to a subset of SPI-2-dependent effectors*°. Therefore,

S.Tm exhibits several defense mechanisms against the antibacterial effects of host-derived ROS

and RNS.
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Macrophage cell death in response to S.Tm

Induction of cell death is a host strategy designed to amplify the inflammatory response
and prevent persistent infection. In response to S.Tm, caspase-1 and caspase-11 fuel the

h456,457

induction of pyroptotic cell deat . Pyroptosis requires gasdermins and ninjurin-1 to form

pores for the release of cell contents as well as the proinflammatory cytokines IL-1f and IL-
18380458 This aligns with in vivo data where during acute orogastric infection, gasdermin D is the
only gasdermin family member that provides protection against S.Tm infection*?. S.Tm also
causes apoptosis*®®, which is in part due to TLR4-mediated activation of protein kinase R*¢!,

Necroptosis, which is a regulated form of necrosis depending on receptor-interacting protein

kinases 1 and 3%, is also induced by S.Tm in an interferon-dependent manner*®3,

1.4.4 AMPK regulation during S.Tm infection

Physiological sources of AMPK activation during infection

Which physiological conditions could lead to AMPK activation during infection in vivo?
A conserved sickness behaviour during a subset of viral and bacterial infections is anorexia,
which is described as a concerted suppression of appetite that results in hypoglycemia®®4,
Considering AMPK is sensitive to decreased circulating glucose levels, it is likely that low
glucose could be an activating signal. This is observed following infection by the gram-negative
bacterium Yersinia pseudotuberculosis, which causes a rapid drop in blood glucose levels
without a corresponding drop in food intake*$>. Glucose injections designed to increase
circulating glucose levels suppressed infection in mice, while fasting worsened infection*®>. This
study also linked AMPK activity to worsened bacterial burden*%>. However, during viral

infection, AMPK activation was shown to support viral clearance, despite there being similar
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acute drops in blood glucose levels®?. Regardless, activation of AMPK was detected in both
instances. This may not be the case during S.Tm infection. Inflammatory cytokines such as IL-13

and TNF-a can produce fever and anorexia symptoms, relaying information to brainstem
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neurons to promote sickness behaviour . S.Tm exploits this by inhibiting the anorexic

P468

response through expression of SIrP**°. This effector inhibits caspase-1 cleavage and reduces the

secretion of IL-1B and communication with the central nervous system through the vagus
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nerve*®®. Therefore, endogenous AMPK activity during infection will depend in part on the host

glycemic response to different pathogens.

Evidence for altered AMPK activity during S.Tm infection

Though studies are limited, there is significant evidence for the activation of AMPK
during S.Tm infection, though this depends on the cell type. There are two main studies
investigating AMPK activity following S.Tm infection in macrophages. Ganesan et al. reported
that S.Tm infection transiently decreases ATP levels and increases the ratio of NAD+/NADH,
resulting in AMPK activation one hour post-infection*®®. However, ATP levels were also low at
four hours, raising the question of why AMPK would be active at one hour and not four hours
post-infection in their model. This also contrasts with other studies reporting that S.Tm has only
a mild effect on AMP:ATP ratios during macrophage infection*®>. This study attempted to link
AMPK activation during infection to improved xenophagy, which, as detailed above is a tenuous
link. In another study, Ma et al. identified FLT4 as an upstream tyrosine kinase responsible for
AMPK activation during S.Tm infection*’’. This work formed a strong link between FLT4 and
AMPK; however, tyrosine phosphorylation is not a canonical regulator of AMPK activity. This

group made the same conclusion as the previous study, that AMPK activation supports
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autophagic signaling and S.Tm clearance. Though these studies support a role for macrophage
AMPK in the cellular response to S.Tm, they lack key details regarding the precise mechanisms
and consequences of AMPK activation. A final study from Losier et al. focused primarily on
AMPK in the context of epithelial cell invasion, where they reported strong induction of AMPK
activity*?!. Interestingly, epithelial cells, in contrast with macrophages, do not exhibit elevated
mTORCI activity upon infection, an effect traced to amino acid depletion*’!. Given that AMPK

and mTORCI activity typically oppose each other*’?

, it is curious that in macrophages both
AMPK and mTORCI1 have been reported as active in response to S.Tm*1:46%470 " Another
contributor to AMPK activation could be TLR9, which is stimulated by S.Tm infection®® and

has been shown to activate AMPK alongside Beclin-1473

. However, this was only measured in
skeletal muscle, and would have to be verified in macrophages*’®. Taken together, the role of

AMPK during macrophage S.Tm infection is still largely understudied and requires further

refinement.
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Rationale and objectives

Given the multitude of downstream targets of AMPK, as well as upstream inputs on
activity, it remains of utmost importance to contextualize how a central metabolic regulator such
as AMPK influences inflammatory disease progression across a range of pathologies. It is well
established that AMPK broadly supports anti-inflammatory signaling, though its precise role in
both sterile and pathogen-induced inflammation requires further interrogation. Many AMPK
studies have relied on knockout models, which, while effective, lack the specificity to interrogate
AMPK signaling with granular detail. Because AMPK has many roles beyond phosphorylation
by means of forming multi-protein complexes, and is present at nearly every subcellular
organelle, wholesale disruption of these signals could skew interpretations of downstream
readouts.

With this in mind, this dissertation aims to explore the role of myeloid AMPK to better
understand how AMPK regulates and is regulated by inflammatory conditions. The work
presented herein spans both chronic and acute inflammatory pathologies in atherosclerosis and
Salmonella enterica infection while highlighting important considerations in preclinical model
selection, immune cell metabolism, and phosphoregulation of disease.

Given that AMPK signaling to HMGCR was presumed to be protective against
atherosclerosis, we hypothesized that disrupting the AMPK-HMGCR signaling axis would
exacerbate atherosclerosis. We addressed this hypothesis in Chapter 2 using a point mutant
mouse model at the AMPK phosphorylation site on HMGCR and a Pcsk9-AAV-based model of
murine hypercholesterolemia.

Additionally, though it is established that AMPK supports anti-inflammatory signaling, it

has remained unclear how this affects cell intrinsic and systemic responses to live bacteria. We
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hypothesized that increasing AMPK activity in macrophages and mice would worsen the
response to the gram-negative bacterial pathogen S.Tm. We addressed this hypothesis in Chapter
3 using both genetic and pharmacological AMPK activation models alongside oral and
intraperitoneal (IP) S.Tm infection routes.

Finally, given that AMPK myristoylation regulates not only AMPK activity, but also its
protein levels without a clear regulator, we hypothesized that myristoylation-dependent
machinery targeted non-myristoylated AMPK for degradation. We addressed this hypothesis
using a range of proteostasis inhibitors and a genetic model expressing a non-myristoylated

AMPK mutant.
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Chapter 2: AMPK-mediated regulation of endogenous cholesterol
synthesis does not affect atherosclerosis in a murine Pcsk9-AAV

model

2.1 Preface

This chapter has been published as a research article*’. It was also highlighted in an editorial

(attached in Appendix I).

Tyler K.T. Smith'2# Peyman Ghorbani' 4, Nicholas D. LeBlond', Julia R.C. Nunes!->* Conor
O’Dwyer!>4, Nia Ambursley!, Claire Fong-McMaster!#, Lucia Minarrieta!>#, Leah A.
Burkovsky!, Rama El-Hakim', Natasha A. Trzaskalski'~, Cassandra A.A. Locatelli'®>, Cameron
Stotts!-*, Ciara Pember!, Katey J. Rayner!?>, Bruce E. Kemp®%?, Kim Loh’%°, Mary-Ellen
Harper!?#, Erin E. Mulvihill'?#3, Julie St-Pierre'?#, Morgan D. Fullerton*!->*4, AMPK-
mediated regulation of endogenous cholesterol synthesis does not affect atherosclerosis in a
murine Pcsk9-AAV model. Atheroscler. 397: 117608, 2024.
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2.2 Abstract

Background and Aims

Dysregulated cholesterol metabolism is a hallmark of atherosclerotic cardiovascular diseases, yet
our understanding of how endogenous cholesterol synthesis affects atherosclerosis is not clear.
The energy sensor AMPK phosphorylates and inhibits the rate-limiting enzyme in the
mevalonate pathway HMG-CoA reductase (HMGCR). Recent work demonstrated that when
AMPK-HMGCR signaling was compromised in an Apoe”~ model of hypercholesterolemia,
atherosclerosis was exacerbated due to elevated hematopoietic stem and progenitor cell
mobilization and myelopoiesis. We sought to validate the significance of the AMPK-HMGCR
signaling axis in atherosclerosis using a non-germline hypercholesterolemia model with
functional ApoE.

Methods

Male and female HMGCR S871A knock-in (KI) mice and WT littermate controls were made
atherosclerotic by intravenous injection of a gain-of-function Pcsk9P37#Y-adeno-associated virus
(AAV) followed by high-fat and high-cholesterol atherogenic western diet feeding for 16 weeks.
Results

AMPK activation suppressed endogenous cholesterol synthesis in primary BMDM from WT but
not HMGCR KI mice, without changing other parameters of cholesterol regulation.
Atherosclerotic plaque area was unchanged between WT and HMGCR KI mice, independent of

sex. Correspondingly, there were no phenotypic differences observed in hematopoietic
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progenitors or differentiated immune cells in the bone marrow, blood, or spleen, and no
significant changes in systemic markers of inflammation. When lethally irradiated female mice
were transplanted with KI bone marrow, there was similar plaque content relative to WT.
Conclusions

Given previous work, our study demonstrates the importance of preclinical atherosclerosis model
comparison and brings into question the importance of AMPK-mediated control of cholesterol

synthesis in atherosclerosis.
2.3 Introduction

Atherosclerotic cardiovascular diseases (ACVD) remain among the leading causes of
mortality worldwide?!?. Atherosclerotic plaque development is driven by hypercholesterolemia
and the retention of cholesterol-rich LDL within subendothelial spaces, leading to immune cell
recruitment and maladaptive inflammatory responses. Despite the appreciated importance of
reducing circulating LDL to minimize ACVD, our understanding of how cell-intrinsic
cholesterol metabolism influences atherosclerosis remains underdeveloped.

AMPK is a heterotrimeric energy sensor that is activated by changes in adenine
nucleotide ratios>* and concentrations of metabolites such as FBP?? or saturated long-chain fatty
acyl-CoAs*’. Once activated, AMPK signals to downstream targets to suppress anabolic
pathways and activate catabolic signaling to restore cellular energy balance*’>. De novo
cholesterol synthesis is an energy-demanding process that occurs through the mevalonate

476 Within the mevalonate

pathway, which produces both sterol and isoprenoid intermediates
pathway, HMGCR is the rate-limiting enzyme and is highly regulated*’’. HMGCR activity is
suppressed when S871 (S872 in humans) is phosphorylated by AMPK, forming a link between

energy sensing and mevalonate pathway flux®18-2%7,
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The role of AMPK in atherosclerosis, while well studied, lacks clarity. A majority of

studies indicate that AMPK activity is protective against murine atherosclerosis324331-333478

particularly when pharmacologically activated from the onset of hypercholesterolemia?%%-320-323;

326,328479 or found no effect’?. The discrepancies

however, others have demonstrated the opposite
observed in various AMPK atherosclerosis studies could be a result of differing
hypercholesterolemia models, of which there are three main approaches to induce murine
atherosclerosis: ApoE knockout mice*?’, LDLR knockout mice*”, and injection of a PCSK9
AAV containing a gain-of-function PCSKO9 variant (Pcsk9-AAV), which generates a
hypercholesterolemic lipoprotein profile similar to Ldlr”~ mice®">. Both Ldlr”- and Pcsk9-AAV
models are typically accompanied by administration of a high-fat, high-cholesterol Western diet
(WD), which is representative of the fast food-based diet that originated in Western society,
while Apoe”” mice develop hypercholesterolemia on a chow diet alone.

Systemic pharmacological activation, as well as global and cell type-specific knockout
models broadly affect AMPK signaling and make it challenging to decipher the significance of
individual downstream outputs. Targeted knock-in (KI) mouse models have made it possible to
test the physiological significance of select metabolic axes. To this end, recent work on the
AMPK-HMGCR signaling axis employed an HMGCR S871A KI point mutant mouse model that
renders HMGCR insensitive to AMPK-mediated regulation*®’. These mice developed more
hepatic steatosis on a high-fat, high-carbohydrate diet, hinting at the relevance of this signaling
axis in vivo. In a subsequent study, these mice were crossed onto an atherogenic Apoe™

background and it was found that they developed more atherosclerotic plaque in a

hematopoiesis-dependent manner*’s,
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Given that ApoE is known to regulate hematopoiesis and cholesterol homeostasis®!!, we
sought to clarify whether atherosclerosis is affected in a non-4poe”” model of
hypercholesterolemia. In this study, we used the same HMGCR S871A KI mice, but induced
atherosclerosis through the use of a Pcsk9-AAV coupled with WD feeding to circumvent
potential non-AMPK -related hematopoietic effects of Apoe deletion®!>. Importantly, this model
generates hypercholesterolemia mainly by enhancing degradation of LDLR in the liver, and does
not have any known direct effects on hematopoiesis®!>.

In contrast with what was observed on an Apoe”~ background, Pcsk9-AAV HMGCR KI
mice did not accumulate more atherosclerotic plaque than their WT counterparts. We
investigated other parameters of the plaque microenvironment and also performed extensive
immune phenotyping and similarly observed no genotype changes. These data were supported by
ex vivo models using bone marrow-derived macrophages (BMDM). Collectively, our work
emphasizes the importance of murine atherosclerosis model selection and highlights the context-

dependent role of AMPK signaling in atherosclerosis.
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2.4 Materials and Methods

Generation of bone marrow derived macrophages

WT and HMGCR KI C57BL/6J mice were anesthetized and euthanized by cervical dislocation.
The tibias and femurs of both legs were isolated, cleaned, then placed in ice cold 1% FBS/PBS
until further processing. The ends of the bones were cut, and one femur and one tibia were
placed into a 0.5 ml tube that was punctured with a 27-gauge needle and contained within a 1.5
ml Eppendorf tube. The bones were then centrifuged at 10,000 x g for 1 min into 100 pl of high
glucose DMEM (Wisent #319-005-CL) supplemented with 10% FBS (Wisent #080-150) and 1%
penicillin streptomycin (Thermo Fisher Scientific #SV30010), referred to hereafter as complete
DMEM. The resulting bone marrow pellet was resuspended in complete DMEM and passed
through a 40 pum filter (Corning #352340). The cell suspension was diluted in complete DMEM
before adding 1.929-conditioned media (M-CSF-enriched; in complete DMEM) to a final
concentration of 20% L929-conditioned media and 100 ml total. The cell suspension was then
distributed evenly into five 15 cm dishes and incubated at 37 °C and 5% CO.. After 4 days, each
plate received an additional 5 ml of 20% L929-conditioned media. At day 6, the differentiated
BMDM were washed once with PBS, then incubated on ice with 8 ml of cold 10 mM
EDTA/PBS for 10 min. The plates were struck to dislodge the cells, and the remaining cells were
gently scraped and transferred to 50 ml conical tubes before being centrifuged at 500 x g for 5
min and resuspended in complete DMEM. The cells were then counted using Trypan blue
(Thermo Fisher Scientific #15250061) (average yield 100 x 105 BMDM per mouse) and seeded

into respective plates at a density of 0.156 x 10° BMDM/cm?.
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BMDM generation and treatment paradigm

Unless otherwise specified, all treatments for BMDM were performed in high glucose DMEM
containing 10% FBS and 1% penicillin/streptomycin. Cells were left to adhere overnight
following initial seeding, after which the media was aspirated, cells were washed once with
warm PBS, and treatment media was added. Any subsequent treatments were spiked in at a small
volume. The following concentrations were used: MK-8722 (2 uM; a gift from Merck), A-
769662 (100 uM; AdooQ Bioscience #A11071), LPS from Escherichia coli O111:B4 (100
ng/ml; MilliporeSigma #L.3024).

Aggregated LDL formation

Native human LDL (Kalen Biomedical; #770200) was diluted to 1 mg/ml in sterile PBS and
vortexed at maximum speed for 4 min. The suspension was then centrifuged at 10,000 x g for 10
min. The resulting pellet (aggregated LDL; agL.DL) was resuspended to a final concentration of
3 mg/ml determined by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific #P123225)
according to the manufacturer’s protocol. agLDL was added to culture media at a final
concentration of 50 pg/ml. BMDM were considered lipid loaded following overnight incubation
in agLDL-supplemented media. Subsequent treatments, if performed with a full media change,
were additionally supplemented with 50 ng/ml agLDL.

Cholesterol efflux

Acetylated LDL (acLDL; 50 pg/ml; Thermo Fisher Scientific #AAJ650298PL) was pre-
equilibrated with 0.5 pCi/ml [*H]cholesterol (PerkinElmer #NET139001MC) in complete
DMEM. BMDM were incubated with radiolabeled acLDL for 24 h. Radioactive medium was
removed and cells were washed twice with PBS. Cells were then equilibrated in high glucose

DMEM supplemented with 2% lipoprotein deficient serum (LPDS) and 0.2% fatty acid-free
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BSA (MilliporeSigma #A8806) for 2 h in the presence or absence of A-769662 (100 uM) or
equivalent DMSO (0.2%) (Thermo Fisher Scientific #BP231100). Fresh medium was then
replenished in the presence or absence of 0.2% BSA, recombinant human Apo-Al (5 pg/ml;
Thermo Fisher Scientific #J64506), or human HDL (50 pg/ml; Thermo Fisher Scientific
#J64903), with or without A-769662. After 24 h, medium was collected and adherent cells were
washed twice with PBS, then lysed with 0.1M NaOH (BioShop #SHY777.500) and added to
Ultima Gold liquid scintillation fluid (PerkinElmer #6013159). Radioactivity was determined by
liquid scintillation counting (LSC) on a Tri-Carb 4910TR Beta Liquid Scintillation Analyzer
(PerkinElmer). Efflux is expressed as a percentage of disintegrations per minute (DPM) for
[([*H]cholesterol in medium)/([*H]cholesterol in medium + [*H]cholesterol in cells)] x 100%.
Efflux to either Apo-Al or HDL was calculated by subtracting the effluxes of the wells
containing only BSA without Apo-Al or HDL from those containing it.

de novo lipogenesis

BMDM were either cotreated with A-769662 (100 uM) or pretreated for 1 h with MK-8722 (2
uM) or equivalent DMSO (0.05%) before spiking in [*H]acetate (1 pCi/ml; PerkinElmer
#NET003005MC) and 500 uM “cold” acetate for 4 h. To measure [*H]acetate incorporation into
cholesterol, cells were washed twice with PBS, scraped in PBS, and then lipids were extracted
using a Bligh and Dyer extraction*®!. A cholesterol standard was loaded along with each lane and
lipids were separated by thin layer chromatography using a solvent system of heptane:isopropyl
ether:glacial acetic acid (60:40:3)*2. Following exposure to iodine vapours, silica was scraped
and bands corresponding to cholesterol were collected into scintillation vials before determining
radioactivity by LSC. The molar amount of [*H]acetate incorporation into cholesterol was

determined using the specific activity of the labeled media. To measure acetate incorporation
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into fatty acids (i.e., saponifiable lipids), cells were washed twice with PBS, scraped in PBS, and
added to a mixture of 1 ml 40% potassium hydroxide (MilliporeSigma #484016) and 2 ml
methanol (Thermo Fisher Scientific #A412P-4) then boiled at 80°C for 1 h to lyse cells. 3 ml
petroleum ether (Thermo Fisher Scientific #E139-4) was added and samples were vortexed to
mix phases. The organic phase was transferred to scintillation vials (Ultident #17-S207) and a
second extraction was performed. 700 pl of 12N hydrochloric acid (Thermo Fisher Scientific
#A144500) was added to acidify the solution and two more extractions were performed. Organic
phases were left overnight to dry, then resuspended scintillation fluid and radioactivity measured.
A limitation to these methods is not knowing the amount of endogenous acetate in each
condition, which could affect the interpretation of fold changes between groups.

Cholesterol uptake

acLDL (50 pg/ml) was pre-equilibrated with 0.5 pCi/ml [*H]cholesterol in DMEM
supplemented with 10% FBS overnight. BMDM were treated with A-769662 (100 uM) or
DMSO (0.2%) for 1 h prior to the addition of radioactive media for 30 min. The radioactive
media was removed and cells were washed twice with PBS. Cells were lysed with 0.1M NaOH,
with a small aliquot used for protein quantification by BCA. Cell lysates were added to Ultima
Gold liquid scintillation fluid and radioactivity was quantified by LSC and made relative to
DMSO controls.

ELISA

Cell culture supernatants were collected and transferred to 96 well U-bottom plates (Thermo
Fisher Scientific #7000165) and stored at -80 °C. ELISAs for murine TNF-a (Bio-Techne
#DY410), IL-6 (Bio-Techne #DY406), and IL-1p (Bio-Techne #DY401) were performed

according to manufacturers’ instructions. Briefly, ELISA plates (Bio-Techne #DY990) were
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coated with 100 pl of capture antibodies diluted in PBS, covered with an adhesive strip, and left
to incubate at room temperature (RT) overnight. The plates were washed three times with wash
buffer (0.05% Tween-20/PBS) before adding 300 pl of reagent diluent (1% BSA/PBS) and
incubating for 1 h at RT. Cell culture supernatants (diluted in reagent diluent at 1/4 - 1/16
dilutions for 100 pl final volume), or a two-fold serial dilution of recombinant murine TNF-a,
IL-6, or IL-1pB was added to each well and incubated for 2 h at RT. The plates were again washed
and 100 pl of biotinylated detection antibodies in reagent diluent was then added to each well
and incubated for 2 h at RT. Following another wash step, 100 pl of streptavidin-HRP (1:40 in
reagent diluent) was added for 20 min at RT. The plates were washed again before adding 100 pl
of substrate solution (1:1 mixture of H>O; and tetramethylbenzidine) and incubating at RT. After
15-20 min, 50 pl of 2N H>SO4 was then added and optical density of each well read at both 450
nm (primary) and 540 nm (optical impurities). Following subtraction of absorbance at 540 nm
from 450 nm, the wells were blanked and standard absorbances fitted with a four-parameter
logistic curve-fit.

Extracellular flux analysis

BMDM were plated in 96-well culture plates (Agilent #103794) at 7.5x10* cells/well in complete
DMEM. Cells were incubated for 18 h with LPS (100 ng/ml) prior to initiating the mitochondrial
stress test. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) by live
cells, with ECAR indicating mostly glycolysis, was measured on a Seahorse XFe96 Analyzer
(Agilent). Cartridge ports were loaded with 10X concentrations of drugs: 15 uM oligomycin
(Cayman Chemical #11341), 15 uM FCCP (Cayman Chemical #15218), and 10 uM rotenone
(Cayman Chemical #13995)/10 uM antimycin A (MilliporeSigma #A8674)/20 uM Hoechst

33342 (Thermo Fisher Scientific #62249) following the Mito Stress Test protocol (Agilent). Data
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were normalized by relative DNA fluorescence intensity quantification on an EVOS FL Auto 2
(Thermo Fisher Scientific) microscope and Qupath 0.4.2 (University of Edinburgh).

RNA isolation, cDNA synthesis, and RT-qPCR.

Cells were treated as described and washed once with PBS before adding 115 ul/cm? TriPure
RNA isolation reagent (Roche #11667165001). RNA isolation was carried out according to the
manufacturer’s instructions with all centrifugation steps at 4°C. Chloroform (0.2 ml/ml TriPure)
was added to tubes and mixed thoroughly before centrifuging at 12,000 x g for 15 min. The
upper aqueous phase was collected and transferred to new tubes where 0.5 ml isopropanol/ml
TriPure was added. Samples were centrifuged at 12,000 x g for 10 min and the supernatant was
discarded. A volume of 1 ml of 70% ethanol/ml of TriPure was added and samples centrifuged at
7,500 x g for 5 min. The supernatant was discarded and samples were air dried for 30 min before
resuspending in DNase/RNase free H,O (Wisent #809-115-CL) and incubating at 55 °C for 10
min. RNA concentration and quality (A260/280) was measured using the Take3 Plate (Agilent
#TAKE3-SN) on the Synergy H1 Plate Reader (BioTek). RNA concentration was equalized
using DNase/RNase free H»O, after which 300-400 ng of RNA was transferred to 8-strip PCR
tubes (Diamed #DIATEC420-1378). All-in-One 5X RT Master Mix (Applied Biological
Materials #G592) was added and reverse transcription initiated by cycling at 37 °C for 15 min,
followed by 60 °C for 10 min and finally 95 °C for 3 min on a T100 thermal cycler (Bio-Rad).
Synthesized cDNA was diluted to a final concentration of ~2.5 ng/ul in DNase/RNase free H.O
such that each qPCR reaction contained ~10-12 ng of cDNA. For Tagman probes, primary pairs
were diluted 1:20 in 2X QuantiNova Probe PCR Master Mix (Qiagen #208254) and 5.25 ul was
added per reaction. For non-Tagman probes, forward and reverse primers were diluted to 250 nM

in BlasTaq 2X qPCR MasterMix (Applied Biological Materials #G891) and 5.6 ul was added per
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reaction. Either 4.75 ul or 4.4 pl of diluted cDNA was added for a 10 pl total reaction volume.
Samples were transferred to the Rotor-Gene Q (Qiagen) and subjected to an initial 3 min
incubation at 95 °C before 40 cycles of 1 sec at 95°C then 10 sec at 60°C. Relative expression
was calculated with the #2Ct method*®3 using a combination of Actb and Thp genes as
housekeepers. Primer sequences are listed in Supplemental Table 2.1.

Mitochondrial to nuclear DNA ratio

DNA isolation was carried out as previously described*®*. Briefly, macrophages were
homogenized in 500 pl DNA lysis buffer (5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 mM
Tris, pH 8.0) and 5 pl of 20 mg/ml proteinase K (Thermo Fisher Scientific #25530049) was
added and the lysate was incubated overnight at 55°C. 500 pl of phenol/chloroform/isoamyl
alcohol (25:24:1) was added to each lysate and mixed thoroughly before centrifuging at 16,000 x
g for 10 min at 4°C. The upper aqueous phase was transferred to new tubes, and 600 ul cold
isopropanol was added to precipitate DNA overnight at -20°C. Samples were then centrifuged at
16,000 x g for 10 min to pellet DNA. DNA pellets were washed in 1 ml 70% ethanol and left to
air dry before resuspending in 200 pul DNase/RNase free HoO (Wisent #809-115-CL) and
incubated at 55 °C for 10 min. DNA concentration and purity were measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific). Mitochondrial to nuclear DNA ratios were
measured using qPCR for the mitochondrial DNA-encoded gene Mfcol and nuclear DNA-
encoded gene Ndufvi. Each 10 pl qPCR reaction contained 1 ng DNA (DNA equalized to 0.5
ng/ul), 5 uL. SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad #1725271), and 1.5
ul of forward and reverse primers diluted to 3.33 uM. Samples were loaded into the CFX96

Touch Real-Time PCR Detection System (Bio-Rad) and subject to an initial 3 min incubation at
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98 °C before 40 cycles of 15 sec at 95°C then 60 sec at 59°C. Mitochondrial to nuclear DNA
ratios were calculated using the #Ct method.

In vivo Methods

Mouse models

C57BL/6J mice were purchased from The Jackson Laboratory (#00664) and bred in house.
HMGCR S871A KI mice were generated as previously described*®’. All mice were housed in
ventilated cages at ~23 °C and maintained on a 12 h/12 h light-dark cycle with ad libitum access
to a standard rodent chow (58% kcal from carbohydrates, 18% kcal from fat, and 24% kcal from
crude protein; Harlan Teklad #2018) and water. All experiments conducted were in accordance
with the Canadian Council of Animal Care and approved by the Animal Care Committee at the
University of Ottawa (BMI3549/3644).

Pcsk9-AAV-induced hypercholesterolemia and tissue collection

Male and female WT and HMGCR KI mice were aged 8-12 weeks before being intravenously
injected with 2.5 x10'° genome copies of a human gain-of-function Pcks9”37#" mutant packaged
in an AAV8 vector by the Penn Vector Core at the University of Pennsylvania. Immediately
following viral infection, mice were placed on a WD (43% kcal from carbohydrates, 40% kcal
from fat, 17% kcal from protein, with 0.15% cholesterol; Research Diets #D12079) to exacerbate
hypercholesterolemia. After 16 or 26 weeks of WD feeding (mice aged between 24-28 weeks or
36 weeks at endpoint), mice were fasted for 4 h before being anaesthetized with a ketamine and
xylazine mixture (150 mg/kg ketamine and 10 mg/kg xylazine), exsanguinated by cardiac
puncture, and perfused with PBS through the left ventricle. Tissues of interest were removed and
either snap frozen in liquid nitrogen, fixed in 10% neutral-buffered formalin (MilliporeSigma

#HT501128), or processed for downstream analysis by flow cytometry.
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Bone marrow transplant

Bone marrow from four WT and four HMGCR KI female donor mice was isolated and pooled
by genotype. WT recipient mice were lethally irradiated with two doses of 4.5 Gy (9 Gy total) 1-
2 h prior to transplantation. Following successful transplantation, mice were monitored for 4
weeks for recovery, after which they were subjected to the same Pcsk9-AAV experimental
paradigm as described above.

In vivo EAU labeling

After 16 weeks on a WD following Pcsk9-AAV injection, WT and HMGCR KI mice were
injected IP with 750 pg of warm 5-ethynyl-2’-deoxyuridine (EdU; Click Chemistry Tools
#1149) in PBS. Mice were fasted post-injection for 4 h until lethal anaesthetization with
ketamine and xylazine and tissue collection as described above.

Single cell suspension preparation

For various downstream readouts, single cell suspensions were prepared for the spleen, bone
marrow, and blood. Spleens were placed in ice cold 1% FBS/PBS and then mashed through a
100 pum cell strainer (Thermo Fisher Scientific #22363549) that was pre-wetted with 1 ml of 1%
FBS/PBS into a 50 ml conical tube. A further 9 ml of 1% FBS/PBS was passed through the
strainer before centrifuging at 500 x g for 5 min at 4°C. The supernatant was decanted and the
pellet was resuspended in 2 ml of RT RBC lysis buffer (155 mM NH4Cl (MilliporeSigma
#A9434), 10 mM NaHCOs (BioShop #SOB308), 10 mM EDTA) to selectively lyse erythrocytes
and incubated for 5 min at RT. 10 ml of ice cold 1% FBS/PBS was then added and the samples
were centrifuged and then resuspended in 5 ml of ice cold 1% FBS/PBS. The tibia and femur
from the right leg were removed and placed in ice cold 1% FBS/PBS. Bone marrow was isolated

and pelleted as described above. Pellets were resuspended in 1 ml of RT RBC lysis buffer and
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incubated at RT for 2 min. The suspension was passed through a pre-wetted 100 um filter
followed by 10 ml of ice cold 1% FBS/PBS. The cells were centrifuged and resuspended in 2 ml
of 1% FBS/PBS. Whole blood was collected by cardiac puncture, transferred to a 1.5 ml
Eppendorf tube with 10 pl of 0.5 M EDTA, and shaken thoroughly before placing on ice. Blood
volumes were then recorded and transferred to a 15 ml tube containing 9 ml of RT RBC lysis
buffer and incubated for 10 min at RT. The cells were centrifuged and subjected to another round
of RBC lysis for 10 min. The cells were centrifuged again and resuspended in 1 ml of ice cold
1% FBS/PBS. Single cell suspensions of bone marrow and spleen were enumerated using Trypan
blue and a hemocytometer before continuing to downstream applications.

Flow Cytometry

Single cell suspensions from bone marrow, spleen, blood, or BMDM were transferred to 1.2 ml
cluster tubes (Corning #4401). Cells were centrifuged at 400 x g for 5 min, and then
simultaneously blocked with CD16/32 (1:250; BioLegend #101302) and stained with Zombie
Aqua (1:500; BioLegend #423102) for live/dead discrimination in 50 pl PBS for 30 min on ice.
Progenitor panels that required CD16/32 for gating were only stained with Zombie Aqua. Cells
were washed with PBS, centrifuged, and stained with primary antibodies diluted in PBAE (1%
BSA, 2 mM EDTA, 0.05% sodium azide (Ricca #7144.8-16) in PBS) for 20 min on ice protected
from light. The cells were washed with PBS and secondary antibodies added as required for
another 20 min on ice. Cells were washed in PBS, centrifuged, and fixed with 2%
paraformaldehyde (PFA) in PBS (BioShop #PAR070.500) for 15 min on ice. The cells were
washed with PBS and finally resuspended in PBAE for analysis on the LSR Fortessa (BD).

Complete information regarding antibodies and stains can be found in Supplemental Table 2.2.
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Serum Cholesterol measurements

Blood was collected from mice by cardiac puncture at experimental end point. Blood was left to
clot on ice for 4 h, then centrifuged at 3000 RPM for 10 min at RT. The upper phase containing
serum was collected, aliquoted, and stored at -20 °C. Serum was submitted to the Centre for
Phenogenomics, where total cholesterol, HDL cholesterol, triglycerides, direct LDL cholesterol,
and glucose were measured using the Beckman Coulter AU480 clinical chemistry analyzer in
combination with appropriate reagents, calibrators, and quality control materials.

Liver cholesterol measurements

Approximately 30 mg of liver was homogenized in 500 ul PBS and then snap frozen and thawed
on ice twice. Liver lysates were centrifuged at 14,000 RPM for 5 min at 4 °C and supernatants
were transferred to new microfuge tubes and the pellets discarded. A Bligh and Dyer lipid
extraction was then performed using 200 pl of lysate. Isolated lipids within the chloroform phase
were then evaporated under nitrogen gas and re-suspended in 50 pl of isopropanol. Cholesterol
was measured using the commercially available Infinity cholesterol kit as per manufacturer’s
instructions and normalized to tissue weight.

Colony forming unit (CFU) assays

Semi-solid methocult media (Stemcell Technologies #03434) was thawed overnight at 4°C and 1
ml was distributed to 1.5 ml tubes using an 18G blunt-ended needle. Single cell suspensions of
whole BM cells were prepared as described and diluted to a concentration of 135k cells/ml or
270k cells/ml in sterile 1% FBS/PBS to plate at two cell densities per sample. These cell
suspensions were diluted 1/10 in methocult media, vortexed, then transferred to 6 well plates
using an 18G blunt-ended needle such that each well contained either 15 k or 30 k whole BM

cells. Interwell space was filled with 3 ml of sterile water to minimize evaporation. Plates were
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incubated at 37°C for 12 days, then imaged at 4X magnification on the EVOS FL Auto 2
imaging system (Thermo Fisher Scientific), followed by image tiling. The number of colonies
and their classifications were then manually counted by an individual blinded to experimental
group.

Atherosclerosis quantification methods

Cardiac tissue embedding and sectioning

Hearts were fixed in 10 ml of 10% neutral-buffered formalin for at least 48 h at 4°C. Hearts were
then transferred into a sterile 20% sucrose (BioShop #SUC700.1)/PBS solution until tissue
sinking (~1 h), after which they were transferred to a sterile 30% sucrose/PBS solution and
incubated overnight at 4°C. Prior to embedding, hearts were removed and dried gently to remove
excess sucrose solution. A razor blade was used to cut the apical two-thirds of the heart on a 20°
transverse angle. The top third (containing the aortic root) was embedded within a tissue
standard sized cryomold (VWR #25608-916) with optimal cutting temperature medium (Thermo
Fisher Scientific #23-730-571), which was flash frozen with an isopentane-dry ice slurry and
stored at -80°C. The aortic root was sectioned using a Leica CM 1850 cryostat at 10 pm serial
sections at -16°C. Each slide (Thermo Fisher Scientific #15-188-48) contained nine serial
sections collected at 100 um intervals, spanning at least 800 um on a total of 10 slides.

H&E lesion and necrotic core quantification

Frozen slides containing aortic root cross sections were equilibrated at RT for 2 h, followed by
fixation in 10% neutral-buffered formalin for 10 min at RT. Slides were then subjected to
standard H&E staining procedures on the Leica Bond III Immunostainer. Images were acquired
on the Axio Scan Z1 Slide Scanner at 20X magnification. The aortic root and all lesions were

outlined manually on ImageJ*®>, with each selection saved as a region of interest (ROI). Two
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main forms of measurement were calculated. The first was percentage aortic root, in which all
plaque measurements were scaled against the size of the aortic root on each section, which can
help reduce variation due to different orientations. The second was mm?, where plaque was
calculated as area alone. ROIs were converted to area and summed to calculate total plaque area
per section, or as a fraction of aortic root per section. From these values, summed area, average
area of 3-5 sections, and area-under-the-curve (AUC) of plaque histograms were quantified
across sections, corresponding to the 800 um traveled through the aortic root. Folded or poor-
quality sections were excluded from the AUC calculation. Necrotic core area was calculated
using the lesion area ROIs detailed above. The original image was first duplicated before
thresholding with the “Triangle” autothreshold setting*3®. This area was then converted to a
mask, after which ROIs were pasted back into the ROI manager. Total thresholded area within
each ROI was then exported to a .csv file. The area was summed to calculate necrotic core area
per section, and then summed with other sections and expressed as either percentage of lesion
area or total necrotic core area in mm?,

Immunofluorescent labeling

Slides containing aortic root cross-sections were equilibrated at RT at least 1 h and a
hydrophobic pen (Millipore) was used to draw barriers around all sections. Subsequent steps
were performed in a dark, humidified chamber. Sections were fixed in 4% PFA for 15 min and
washed with PBS. Slides were permeabilized with PBS containing 1% BSA, 0.1% saponin
(MilliporeSigma #84510). Slides were then incubated in permeabilization buffer with 1 mM
copper(Il) sulfate pentahydrate (MilliporeSigma #C8027), 2 mM tris-
hydroxypropyltriazolylmethylamine (THPTA) (Click Chemistry Tools #1010), 10 mM sodium

ascorbate (Sigma #A7631), and 5 uM AFDye 594 Azide Plus (Click Chemistry Tools #1481) for
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30 min at RT. Slides were washed and incubated with anti-Mac-2-biotin (Tebubio #CL8942B)
overnight at 4°C. Slides were washed and incubated with streptavidin iFluor647 (AAT Bioquest
#16966), 20 uM BODIPY 493/503 (Cayman Chemical #25892), and 2.8 uM DAPI
(MilliporeSigma #D1306) for 1-2 h at RT. Slides were then washed and mounted with
Fluoromount G (Thermo Fisher Scientific #00-4958-02) and #1.5 coverslips and imaged after
curing on an Axio Scan Z1 microscope (Zeiss) using a 20X objective. Images were processed
using Qupath 0.4.2. Aortic root and plaque areas were defined manually and quantified for cells
by nuclei (DAPI) detection. Total BODIPY " and Mac2" area was quantified and expressed as a
percentage of total plaque area. EQU puncta either colocalized or not with Mac2" were
enumerated and expressed as the number of EQU™ cells per section.

Statistical Analysis

Data are represented as violin plots truncated at maximum and minimum values. The first and
fourth quartiles are denoted by 2 pt lines, while the median is distinguished by a 1 pt line.
Histograms are represented as mean + SD, unless otherwise specified. Statistical analyses were
performed using GraphPad Prism Software version 10.0.2. Normality of data was assessed using
the Shapiro-Wilk test (a = 0.05). For normally distributed data, differences between groups
which involved a single variable were analyzed using an unpaired, two-tailed Student’s t test. In
groups with two or more factors, a two-way analysis of variance (ANOVA) test was performed
with Tukey’s post-hoc test for multiple comparisons. For non-normally distributed data,
differences between groups with a single variable were analyzed using an unpaired Mann-
Whitney U test. P values are reported for all meaningful comparisons to the fourth decimal,

where P<(.05 was described as “statistically significant”.
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2.5 Results

Cholesterol synthesis is unresponsive to AMPK activation in HMGCR S871A KI
macrophages.

Within the mevalonate pathway, HMGCR catalyzes the rate-limiting reduction of HMG-
CoA to mevalonate, which is converted downstream into sterol and isoprenoid metabolites*’®
(Figure 2.1A). Given the importance of macrophages to atherosclerosis progression*®’, we
assessed various aspects of cholesterol metabolism in BMDM from WT and KI mice
(Supplemental Figure 2.1A). We first measured the sensitivity of de novo cholesterol synthesis to
AMPK activation, which is typically suppressed following acute treatment with AMPK
activators’%480 After treating macrophages with A-769662, an allosteric activator of AMPK!%,
we observed a significant reduction in the amount of radiolabeled acetate incorporated into
cholesterol in WT BMDM, but not in KI cells (Figure 2.1B). Conversely, activating AMPK with
MK-8722, an alternative allosteric AMPK activator!®?, suppressed de novo fatty acid synthesis in
both WT and KI cells (Supplemental Figure 2.1B). These data validate that in BMDM, our KI
model is refractory to this suppressive effect of AMPK activation on cholesterol synthesis, but
retains its sensitivity to AMPK-mediated inhibition of fatty acid synthesis via phosphorylation of
ACC!8, Cellular free cholesterol levels are tightly regulated and, in addition to de novo synthesis,
are subject to rates of lipoprotein uptake via the LDL and scavenger receptors, as well as efflux
to cholesterol acceptors Apo-Al and HDL*"7. We found that total cholesterol levels in a non-
lipid loaded state were equivalent between genotypes (Figure 2.1C). Similarly, cholesterol efflux
to either Apo-A1l or HDL was unchanged between genotypes regardless of AMPK activation by

A-769662 (Figure 2.1D,E). Maximal efflux, determined by incubation with T0901317, an LXR

agonist that increases ABCA1 expression*®®, was also unchanged. Finally, there were no
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genotypic differences in cholesterol uptake from media containing radiolabeled acetylated LDL
(acLDL), regardless of AMPK activation (Figure 2.1F). Collectively, these data suggest that
macrophage AMPK regulates cholesterol metabolism primarily through inhibition of HMGCR-

mediated mevalonate flux.

Pcsk9-AAV-injected HMGCR KI mice do not have increased atherosclerosis.

Given the importance of cholesterol homeostasis in atherosclerosis alongside previous
work showing increased atherosclerotic plaque in HMGCR KI mice on an Apoe” background,
we investigated whether AMPK-mediated regulation of the mevalonate pathway was important
for atherosclerotic plaque progression. We intravenously injected 8-10 week-old male and
female WT and KI mice with a Pcsk9-AAV to degrade LDLR and increase circulating LDL-
cholesterol 33, Female mice were then fed a WD (40% kcal fat, 0.15% cholesterol) for 16 weeks
before sectioning the aortic root and quantifying plaque content to assess atherosclerotic lesion
burden (Figure 2.2A; Supplemental Figure 2.2). Male mice developed aortic root plaque more
slowly than females (Supplemental Figure 2.3), despite experiencing similar weight gain
(Supplemental Figure 2.4A,B). Therefore, a subsequent cohort of male mice was infected with
the Pcsk9-AAV and fed a WD for 26 weeks, which produced lesions comparable to 16-week
WD-fed females (Supplemental Figure 2.3B-G). At study endpoints, we measured
atherosclerotic lesion area in the aortic root where, surprisingly, we observed no genotypic
differences in lesion area for female mice (Figure 2.2B-D; Supplemental Figure 2.4C-H). Male
mice even exhibited a trending decrease in lesion size (Supplemental Figure 2.31-P). It is worth
noting that lesion size was unchanged irrespective of quantification method, which, in addition to

plaque histogram area-under-the-curve (AUC) measurements, also included total lesion area
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across nine sections, and average lesion area across three to five sections where all three leaflets
were visible (expressed as mm? and as a percentage of aortic root (Supplemental Figures 2.2-
2.4)). In line with these observations, there was no change in necrotic core area (Figure 2.2E).
Circulating cholesterol levels are closely linked to ACVD, where higher LDL-cholesterol
strongly correlates with ACVD risk*’. In our model, there were no changes in circulating total
cholesterol, LDL and HDL-cholesterol, triacylglycerols, nor in blood glucose between genotypes
in female (Figure 2.2F-J) or male (Supplemental Figure 2.4Q-T) mice. Hepatic cholesterol
content was similarly unchanged (Figure 2.2K), which was interesting considering the
established role of AMPK in regulating cholesterol metabolism in the liver 478489,
Atherosclerotic lesion progression is complex and occurs over several months after
initiating Pcsk9-AAV-induced LDLR degradation. To interrogate the dynamics of local cell
turnover within the plaque microenvironment at our study endpoint®?®, we injected female mice
with 5-ethynyl-2’-deoxyuridine (EdU) four hours before harvest to label proliferative cells
within the plaque after 16 weeks of hypercholesterolemia (Figure 2.3A). Following click
chemistry and staining with neutral lipid (BODIPY') and macrophage-like (Mac2/Galectin-3)
markers, we assessed immune cell content, as well as proliferation and lipid content (Figure
2.3B). Lipid content and Mac2" staining area as a percentage of lesion area was unchanged
between WT and KI female mice (Figure 2.3C,D). Lesional proliferating cells (cells with nuclear
EdU stain) were also unchanged between genotypes, and we observed a similar amount of
Mac2"EdU" and Mac2'EdU" cells (Figure 2.3E-G). Collectively, these data suggest that AMPK

signaling to HMGCR is not a prominent regulator of atherosclerosis in Pcks9-AAV-generated

mice.
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Bone marrow and splenic hematopoiesis is unchanged between WT and KI mice.

Bone marrow and extramedullary hematopoiesis are well-established upstream drivers of
atherosclerosis through the hypercholesterolemia-dependent overproduction of myeloid lineage
progenitors and their progeny?*!~243246, Moreover, Apoe”” mice lacking AMPK-HMGCR
signaling had elevated myelopoiesis in the bone marrow and in the spleen, resulting in
extramedullary hematopoiesis*’®. Given this previous observation, we wondered how the
regulation of endogenous cholesterol synthesis may affect the hematopoietic system in our
model. To address this, we performed comprehensive immune phenotyping using flow
cytometry on bone marrow and splenic HSPCs (Supplemental Figure 2.5).

HSPCs can be divided into two main classes. LineagecKit*Scal- (LK) cells are more
differentiated and have less self-renewal potential, while Lineage cKit"Scal™ (LSK) cells, which
includes populations of multipotent progenitors (MPP) and HSC, have greater self-renewal
capacity *°°. Following persistent Pcsk9-AAV-induced hypercholesterolemia for 16 weeks in
WT and KI mice, we measured progenitor populations in the bone marrow and spleen (Figure
2.4A,B). In the bone marrow, we observed no genotypic changes in the frequency of LK (Figure
2.4C) or LSK (Figure 2.4D) progenitor populations. This trend was also evident for total LK
cells (Supplemental Figure 2.6A), although the downstream granulocyte-monocyte progenitors
(GMPs) were unchanged in frequency (Figure 2.4D) and total counts (Supplemental Figure
2.6B) in females. To further interrogate the LSK population, we used CD135, CD150, and CD48
markers to separate short-term (ST)-HSC and long-term (LT)-HSC, as well as lymphoid-biased
MPP4, myeloid-biased MPP3, and erythroid-biased MPP2 cells (Figure 2.4B). We observed no
differences in any of these progenitor subsets in frequency (Figure 4F-J) or total counts

(Supplemental Figure 2.6D-H). The ratios of these populations were also unchanged between
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genotypes (Figure 2.4K). While Pcsk9-AAV-injected male mice developed less plaque than
females at 16 weeks (Supplemental Figure 2.3), they had equivalent or greater circulating LDL-
cholesterol compared to female mice Supplemental Figure 2.4Q-T; Figure 2.2F-J). Therefore,
hypercholesterolemia-induced hematopoietic perturbations were still expected, even with
reduced plaque burden. Of note in males, ST-HSCs were elevated in frequency in KI mice
relative WT (Supplemental Figure 2.7G); however, all other populations were equivalent
between genotypes (Supplemental Figure 2.7).

We next interrogated the potential for increased progenitors in the spleen, which was
observed in the Apoe-deficient model and taken as evidence of sustained extramedullary
hematopoiesis and a potential by-product of HSPC mobilization from the bone marrow*’s.
However, we did not observe any changes in splenic progenitor frequency or total count in
female (Figure 2.4L,M; Supplemental Figure 2.61,J) or male (Supplemental Figure 2.71,],S,T)
mice in our Pcsk9-AAV model. While steady-state levels of progenitors can indicate
hematopoietic skewing, it does not capture the functional differentiation potential of progenitors.
To address this, we performed CFU assays where we plated whole bone marrow in growth
factor-rich media sufficient to induce the differentiation of progenitors into major myeloid
lineages including granulocytes (CFU-G), monocytes/macrophages (CFU-M), or a combination
of the two representing greater self-renewal potential (CFU-GM). We observed no genotypic
changes in the total amount of colonies (Figure 2.4N), as well as the amount of CFU-M (Figure
2.40), CFU-G (Figure 2.4P), and CFU-GM (Figure 2.4QQ) colonies. When expressed as a
percentage of total colonies there were similarly no changes (Figure 2.4R). These data support

the notion that systemic, as well as cell-intrinsic AMPK signaling to HMGCR has little role in
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regulating bone marrow and extramedullary hematopoiesis under Pcsk9-AAV-induced

hypercholesterolemic conditions.

Circulating immune cell populations do not contribute to plaque size in whole-body KI
mice.

Circulating Ly6C" monocytes are major immune drivers of atherosclerosis 24!, Although
there were no changes in hematopoietic progenitor populations, we next profiled mature myeloid
cells from the bone marrow (Figure 2.5A-D), spleen (Figure 2.5E-H), and blood (Figure 2.51-L).
Aligning with our progenitor data, there were no genotypic differences in frequency or the total
amount of Ly6C" or Ly6C'® monocytes in the bone marrow of female (Figure 2.5B,C;
Supplemental Figure 2.8 A,B) or male (Supplemental Figure 2.9A,B,J,K) mice. This trend held
true for monocytes in the spleens of female (Figure 2.5F,G; Supplemental Figure 2.8D,E) and
male (Supplemental Figure 2.9D,E,M,N) mice, as well as circulatory monocytes in female
(Figure 2.5J,K; Supplemental Figure 2.8G,H) and male (Supplemental Figure 2.9G,H,P,Q) mice.
Interestingly, bone marrow neutrophil frequency was significantly higher in female KI mice
(Figure 2.5D). However, this effect size was small and did not carry through to neutrophils in the
spleen (Figure 2.5H) or in circulation (Figure 2.5L). There were no genotypic changes in
neutrophils in any tissue in male mice (Supplemental Figure 2.9C,F,I.LL,O,R). These data
demonstrate that mature myeloid cells in HMGCR KI mice are proportionally equivalent to WT
mice. Between the myeloid and progenitor immune phenotyping, these data suggest that there
are minimal hematopoietic perturbations when AMPK signaling to HMGCR is disrupted in a

whole-body context.
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Inflammatory signaling is unaltered in mice and cells without AMPK-HMGCR signaling.
Under hypercholesterolemic conditions, cells are exposed to a variety of inflammatory
signals that promote signaling through NF-kB*!. Metabolic intermediates of the mevalonate
pathway such as mevalonate itself*? and isoprenoid species* have been shown to influence the
cellular responses to inflammation. To test how macrophages lacking AMPK-HMGCR signaling
would react to a lipid-rich environment, we lipid-loaded BMDM from non-hypercholesterolemic
mice with vortex-aggregated LDL (agLDL) overnight before measuring lipid content and gene
expression (Figure 2.6A). BODIPY staining, as a proxy for neutral lipid content, was equivalent
between genotypes in the basal and lipid-loaded states (Figure 2.6B,C). Cells similarly
responded to short-term lipid loading for six hours with acLDL (Figure 2.6D). Under lipid-
loaded conditions, we measured several lipid-sensitive and insensitive genes in the mevalonate
pathway and others. By comparing the mRNA fold change in response to agLDL within each
biological replicate, we found that HMGCR KI BMDM had lower transcript expression in
mevalonate pathway genes Hmgcs 1, Hmgcr, and Fdftl, while others such as Mvk, Dhcr7, and
Dhcr24 were unchanged between genotypes (Figure 2.6E). Genes involved in isoprenoid
regulation such as Pggtlb and Fntb were largely unaffected by lipid-loading, although there was
a trend towards lower Ggpps! in KI cells. Interestingly, KI BMDM had lower expression of two
G1/S regulators in Rrm I and Slbp following lipid-loading, while other cell cycle markers for
G2/M such as Top2a and Mki67 were unchanged between genotypes but suppressed with lipid-
loading**. Msr1, which encodes several scavenger receptors, was suppressed, while Fabp4,
which generates a lipid-binding protein, was elevated, with no genotypic differences (Figure

2.6E).
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To assess whether these differing responses to agL. DL loading affected inflammatory
cytokine production downstream of NFkB signaling, we lipid-loaded BMDM before stimulating
the cells with the TLR4 agonist, LPS, for a further two, six, or twenty-four hours (Figure 2.6F).
Secreted amounts of TNF-a and IL-6 were unchanged between genotype (Figure 2.6G,H),
although TNF-a secretion was significantly higher in the lipid-loaded condition than the basal
state (Figure 2.6G). At the mRNA level, //1b transcript followed the opposite trend, with it being
much lower in the lipid-loaded state with no genotypic changes (Figure 2.61). IL-1[ secretion,
induced via exposure to ATP after four hours of LPS stimulation also showed no genotypic
differences (Figure 2.6J).

Responses to inflammation are tightly linked to available ATP stores. To interrogate
bioenergetics under activated conditions, we performed extracellular flux analyses with a
mitochondrial stress test on basal and LPS-stimulated WT and KI BMDM. LPS stimulation
decreased the oxygen consumption rate (OCR) both basally and at maximal respiration
(Supplemental Figure 2.10A) while increasing the extracellular acidification rate (ECAR) basally
and following the addition of all injections (Supplemental Figure 2.10B). While there were no
genotype differences in basal respiration, maximal respiration, and proton leak, ATP-linked
respiration was higher in LPS-stimulated KI cells (Supplemental Figure 2.10C-F). BMDM were
respiring maximally at baseline and therefore had minimal reserve capacity, although this was
higher in KI cells (Supplemental Figure 2.10G). To assess mitochondrial content, we measured
the ratio of mitochondrial DNA to nuclear DNA and observed no differences between WT and
KI cells (Supplemental Figure 2.10H). Collectively, these data suggest that mitochondrial

biology is largely unaffected in HMGCR KI BMDM under pro-inflammatory conditions.
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While these data demonstrate the minimal role of AMPK signaling to HMGCR in
macrophage acute inflammatory responses, we wondered if this translated to in vivo conditions.
Following our Pcsk9-AAV-induced hypercholesterolemia paradigm (Figure 2.6K), we measured
circulating cytokines using a multiplex cytokine array. Similar to our in vitro results, we
observed no changes in circulating NF-kB-dependent TNF-a, IL-6, or IL-18, nor in IL-10, which
generally exerts anti-inflammatory effects (Figure 2.6K-N). Collectively, these data support that
AMPK signaling to HMGCR has little role in the response to inflammatory stimuli whether in

the basal or lipid-loaded state.

Bone marrow transplanted HMGCR KI mice develop equivalent atherosclerosis to WT-
transplanted mice.

In primary macrophages, we validated the importance of energy metabolism in the
regulation of endogenous cholesterol synthesis (Figure 2.1). To directly test whether the
hematopoietic AMPK-HMGCR signaling axis contributes to Pcsk9-AAV-induced
atherosclerosis, we transplanted bone marrow from female WT or KI mice into lethally irradiated
WT mice. Following immune reconstitution, we injected the mice with the Pcsk9-AAV and fed
them a WD for 16 weeks (Figure 2.7A). Aligning with our whole-body KI data, aortic root lesion
area in female KI BMT mice was not different from mice reconstituted with WT bone marrow
when expressed as a percentage of aortic root (Figure 2.7C,D; Supplemental Figure 2.11A-C).
Aortic lesion area in KI BMT mice was slightly higher than in WT when measured in mm?
instead of aortic root percentage (Supplemental Figure 2.11D-G). There was also a trend towards
increased necrotic core area in the KI BMT mice, although this was not statistically significant

(Figure 2.7D). Within the BMT cohorts, changes in aortic root lesion area were relatively small
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and were driven by several high responders in the KI group, suggesting that the biological
relevance of hematopoietic AMPK-HMGCR signaling is minimal in our model (Supplemental
Figure 2.11D-G). Circulating total cholesterol levels were significantly higher in the KI BMT
mice (Figure 2.7E), which may have contributed to the trends observed in this BMT cohort
relative to our prior whole-body cohorts. Despite the elevation in circulating cholesterol, serum
levels of TNF-a, IL-6, and IL-1p were all unchanged between genotypes, as was IL-10 (Figure
2.7F-1). Together, our data demonstrate that while the AMPK-HMGCR signaling axis regulates
cell-intrinsic cholesterol synthesis, its involvement in the development and progression of

atherosclerosis is subtle in the Pcsk9-AAV hypercholesterolemic model.
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2.6 Discussion

We used a non-germline Pcsk9-AAV-induced hypercholesterolemia approach to promote
atherosclerosis in mice with or without a functional AMPK-HMGCR signaling axis. We
observed no changes in total plaque burden, necrotic core area, or in plaque lipid content in the
aortic root of both male and female mice. Moreover, BMT experiments confirmed that AMPK
signaling to HMGCR in immune cells contributes little to the overall plaque burden in Pcsk9-
AAV-induced atherosclerosis.

In the previous study using HMGCR S871A KI mice on an Apoe” background,
dysregulated hematopoiesis in the bone marrow and spleen led to increased plaque burden
downstream*’8, This work was the first to interrogate a specific target of AMPK in the context of
atherosclerosis and examine the link between endogenous cholesterol synthesis and
myelopoiesis. Given the differences between atherosclerosis models, it is important to compare
key readouts between studies, which both harboured the identical S8§71A point mutation on
HMGCR. Firstly, the two models yielded differential effects of the KI mutation on lesion size:
here we observed no change in plaque area in our Pcsk9-AAV model while an increase was seen
in Apoe”” mice. When comparing average plaque area, we report lesions approximately twice the
size (~0.4-0.6 mm? vs ~0.15-0.3 mm?), which could be due to the elevated circulating cholesterol
levels in our model, which were ~1.5 fold higher. It is possible this elevated
hypercholesterolemia may have masked an effect that would have otherwise been observable at
lower circulating cholesterol levels. Additionally, AMPK-HMGCR signaling in plaque resident
cells may be important at earlier phases of atherosclerosis, and we failed to capture this change at
16 weeks of hypercholesterolemia. However, we did not observe any genotypic changes in male

mice at 16 weeks, which, owing to their slower plaque development than females, provided a
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proxy for an earlier stage of lesion progression (Supplemental Figure 2.3). Moreover, our

circulating total cholesterol levels are in line with other Pcsk9-AAV studies®!”, as well as AMPK

/-324 479

studies on Ldlr-3** and Apoe” backgrounds
Nonetheless, we explored the role of AMPK-HMGCR signaling on
hypercholesterolemia-induced hematopoietic perturbations in our Pcsk9-AAV model to compare
with our Apoe” study. Here, we observed no changes in any major immune cell populations,
suggesting that AMPK-HMGCR signaling is not a critical regulator of hypercholesterolemia-
induced hematopoiesis. The cell-autonomous role of ApoE in regulating HSPC expansion and
monocytosis is well described®!!, and evidenced by a BMT of WT bone marrow into Apoe™

mice protecting the Apoe” mice from atherosclerosis®'?

. We propose that our lack of
hematopoietic phenotype indicates that combined deficiency of AMPK-HMGCR signaling and
ApoE is required to observe hematopoietic dysregulation under hypercholesterolemic conditions.
Such discrepancies have been observed recently in a study regarding the glucose-dependent
insulinotropic polypeptide receptor during atherosclerosis, where significant increases in plaque
area were observed in Apoe”” but not in a Pcsk9-AAV model**®. Future work in Pcks9-AAV
models could consider employing antisense oligonucleotides targeted to ApoE to tease out
ApoE-dependent effects and compare between models. When viewing the AMPK-HMGCR
signaling axis through the lens of our study and the Apoe” study, it is likely that AMPK-
HMGCR signaling plays a subtle role in atherosclerosis, but the major downstream effectors of
AMPK signaling and its atheroprotective role remain unknown.

Given the importance of environmental variables when considering murine

cardiometabolic studies, it is possible that differences in housing conditions and microbiome

composition may have affected results between our studies**S. Moreover, while the
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atherosclerotic models (Apoe” vs. Pcsk9-AAV) are major drivers of dysregulated lipoprotein
homeostasis, dietary composition (chow vs WD) and the resulting impact on gut homeostasis and

1*7, Finally, while

systemic lipid regulation may have differential effects in both models as wel
ApoE deficiency affects hematopoiesis directly, Pcsk9-AAV overexpression results not only in
liver LDLR degradation, but also in supraphysiological concentrations of circulating PCSK9.

498,499’ and

PCSKO9 has been implicated as a positive regulator of NF-kB-dependent signaling
appears to itself be regulated downstream of TLR4 signaling>®. In atherosclerotic plaques of
Apoe”’- mice, PCSK9 expression increases as lesions develop while inhibiting PCSK9 slows
plaque progression®’!, pointing to the potential confounding effects of elevated circulating
PCSKO9 in our Pcsk9-AAV model.

To circumvent these confounders in the future, it may be beneficial to consider
alternative hypercholesterolemia models. Coupling WD-feeding with Ldlr antisense
oligonucleotides is a promising avenue and has been shown to induce atherosclerosis®®2,
although this may not be as effective as using Ldlr”~ mice?!”. With the potential of liver-targeting
antisense oligonucleotides®®, optimally designed Ldlr antisense oligonucleotides could generate
fewer off-target effects than Pcsk9-AAV models while also not requiring whole-body germline
deletion of key cholesterol regulators like LDLR and ApoE. Alternatively, use of an A/b-Cre-
ERT2 model with floxed Ldlr alleles would theoretically delete Ldlr specifically in the liver
following tamoxifen injection, though to our knowledge this technique has not been explored in
murine atherosclerosis research.

Cholesterol was one of the first identified drivers of atherosclerosis®®*, and its excess in

circulation can exacerbate lesion development. While this has been long appreciated, the role for

intracellular cholesterol synthesis, particularly within the atherosclerotic lesion
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microenvironment, has garnered much less attention. Genetic deletion of Hmgcr is lethal during
embryonic development®®’; however, myeloid-specific Hmgcr knockout leads to increased
plaque formation on an Ldlr”~ background®. This was shown indirectly to be a result of
prenylation-dependent pathways downstream of HMGCR, and not of de novo sterol synthesis. It
will be interesting to probe the importance of metabolic regulation of the various mevalonate
pathway outputs, both sterol and non-sterol, in the context of atherosclerosis and other models of
chronic inflammation.

Mevalonate pathway flux is intimately linked to macrophage inflammatory responses to
pathogen-associated molecular patterns. Within the sterol branch of the mevalonate pathway,
both lanosterol and desmosterol have been shown to suppress TLR4-mediated inflammatory
signaling®?7-*%, Macrophages co-stimulated with LPS and interferon y downregulate lanosterol
14-a demethylase following type I interferon signaling and accumulate lanosterol, which both
suppresses further activation and increases membrane fluidity®?’. Within the isoprenoid branch,
several studies have implicated isoprenoids as key mediators of the statin-induced suppression of
inflammatory signaling in response to LPS*%. Indeed, defective protein geranylgeranylation
hyperactivates the cellular response to LPS*3, an effect mapped to altered PI(3)K activity>!°.

AMPK activity has been established as having anti-inflammatory effects in the context of

macrophage activation?>-3%

, yet surprisingly little is understood mechanistically. Our extensive
LPS stimulation experiments, which included both lipid-loaded and lipid-deprived states, show
that AMPK-mediated suppression of cholesterol synthesis through phosphorylation of HMGCR
does not affect the acute, nor prolonged response to LPS. These observations, though in cultured

macrophages, suggest that AMPK suppression of cholesterol synthesis does not contribute to its

overall anti-inflammatory effect, despite the involvement of mevalonate pathway intermediates

91



in regulating inflammatory signaling. A recent study using BMDM generated from a myeloid-
specific knockdown of ACC 1 and 2 showed a suppressed production of inflammatory cytokines
in response to LPS°!!, Our acetate incorporation experiments highlight that AMPK activation in
macrophages has a stronger suppressive effect on de novo fatty acid synthesis than it does on
cholesterol synthesis (Figure 2.1B, Supplemental Figure 2.1B). Therefore, it would be interesting
to probe whether AMPK regulation of fatty acid metabolism influences inflammatory responses
and if this would have a significant effect on a chronic inflammatory pathology such as
atherosclerosis.

Murine models of atherosclerosis only partially mimic human pathology, with several
key differences in plaque development having been identified between mice and humans. The
relative contribution of smooth muscle cell-derived foam cells is higher in human atherosclerosis
compared to mice?** and there are important discrepancies in lipoprotein homeostasis®'?. While
direct investigation into AMPK signaling in human atherosclerosis progression is minimal,
metformin, which is an indirect activator of AMPK, has been shown to generally reduce all-
cause mortality in patients with myocardial infarction and heart failure®'3. In the future, clinical
implementation of direct AMPK activators that circumvent inducing cardiac hypertrophy!®® will
be necessary to assess whether AMPK activation is a viable therapeutic strategy for reducing
ACVD risk.

Mouse models that target specific phosphoregulatory nodes remain the best way to
dissect the physiological significance of individual signaling axes. Here, we confirm that AMPK-
dependent phosphorylation of HMGCR is important for regulating cholesterol synthesis in

macrophages. However, loss of this signaling axis in a Pcsk9-AAV-driven model of

hypercholesterolemia does not significantly influence markers of atherosclerosis, hematopoiesis,
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or inflammation in male or female mice. This study highlights the importance of murine
atherosclerosis model validation and contextualizes the complex role of AMPK in regulating

atherosclerosis.
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Figure 2.1: Cholesterol synthesis is unresponsive to AMPK activation in HMGCR S871A Ki
macrophages. (A) Schematic of model: AMPK phosphorylates S871 on WT HMGCR and reduces its
activity, whereas S871A KI cells are not responsive to AMPK-mediated phosphorylation. (B) BMDM were
labeled for 4 h with [*H]-acetate (1 uCi/ml) with or without cotreatment of A-769662 (100 uM) and
incorporation into de novo-synthesized cholesterol was measured by thin layer chromatography (n=4 WT
and Ki). (C) Total cholesterol levels (BMDM; n=4 WT and n=5 KI). (D,E) Cholesterol efflux to HDL (D) and
Apo-A1 (E) cholesterol acceptors 24 h post lipid-loading with [*H]-cholesterol-labeled acLDL (50 pg/ml) with
A-769662 (100 puM) or T0901317 (10 pM) cotreatments. (F) BMDM cholesterol uptake from media
containing [*H]-cholesterol-labeled acLDL (50 pg/ml) for 15 min with or without 30 min A-769662 (100 uM)
pretreatment. Data represented as violin plots truncated at maxima and minima with median and first and
fourth quartiles outlined. P values calculated using two-way ANOVA with Tukey’s post-hoc analysis for
(B,D,E,F) and an unpaired, two-tailed Student’s t-test for (C).
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Figure 2.2: HMGCR S871A Kl mice do not develop more aortic root plaque than WT mice in a Pcsk9-
AAV-induced hypercholesterolemia atherosclerosis model. (A) Schematic of model: 8-10 wk old
female mice were injected i.v. with Pcsk9-AAV8 (2.5 x 10'° genome copies) and fed a western diet (40%
kcal fat, 0.15% cholesterol) for 16 wk. (B) Representative H&E image of the aortic root (scale bar = 200
pum). (C,D) Aortic root plaque area expressed as a percentage of aortic root in a histogram spanning 800
pMm (C) and the resulting area under the curve (D) (n=10 WT and n=11 Kl mice). (E) Necrotic core expressed
as a percentage of lesion area (n=10 WT and n=11 KI mice). (F-) Serum measurements of total cholesterol
(F), LDL-cholesterol (G), HDL-cholesterol (H), triacylglycerols (I), and blood glucose (J) (n=6-11 WT and
n=5-12 Kl mice). (K) Hepatic cholesterol content (n=5 WT and KIl). Data represented as violin plots
truncated at maxima and minima with median and first and fourth quartiles outlined or as a histogram with
mean + SD. P values calculated using an unpaired, two-tailed Student’s t-test for (D; F-K), or an unpaired,
two-tailed Mann-Whitney U test for (E).
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Figure 2.3: Plaque lipid content and macrophage proliferation is equivalent between WT and
HMGCR S871A Kl mice. (A) Schematic of experiment: female WT and Kl mice were made atherogenic as
in Figure 2. 4 h before harvest, mice were injected with EdU to label plaque proliferative cells. (B)
Representative panel of immunofluorescent staining with BODIPY 493/503 staining in green, Mac2 in pink,
EdU in yellow, and DAPI in blue (overview scale bar = 300 um; inset scale bars = 200 um). (C,D) BODIPY
493/503"* area (C) and Mac2* area (D) expressed as a percentage of lesion area (n=7 WT and n=6 KIl). (E-
F) EdU* nuclei for Mac2* (E), Mac2" (F), and total plaque cells (G) expressed as average cells per section
(n=7 WT and n=6 KI). Data represented as violin plots truncated at maxima and minima with median and
first and fourth quartiles outlined. P values calculated using an unpaired, two-tailed Student’s t-test.
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Figure 2.4: Hematopoietic progenitor populations are unchanged in HMGCR S871A KI mice. (A)
Atherosclerosis was induced in WT and Kl female mice as in Figure 2.2. (B) Representative gating strategy
in bone marrow to identify LK (red) and LSK (blue) populations. (C-J) Frequency of live, single cells for LK
(C), GMP (D), LSK (E), MPP2 (F), MPP3 (G), MPP4 (H), ST-HSC (l), and LT-HSC (J) populations in bone
marrow (n=9 WT and n=8 KiI). (K) Frequency of LSK populations (n=9 WT and n=8 KIl). (L,M) Frequency
of live, single cells for LK (L) and LSK (M) splenic progenitors (n=8 WT and n=7 KI). (N-R) 15,000 whole
bone marrow cells were plated in methocult media and colony forming units (CFU) counted after 14 days
of differentiation. Total CFUs (N), CFU-M (O), CFU-G (P), and CFU-GM (Q) (n=4 WT and n=5 KIl). (R) CFU-
M, CFU-G, and CFU-GM colonies as a percentage of total colonies. Data represented as violin plots
truncated at maxima and minima with median and first and fourth quartiles outlined or as stacked bar graphs
representing mean + SD. P values calculated using an unpaired, two-tailed Student’s t-test for (D-H,J,L-Q),
or an unpaired, two-tailed Mann-Whitney U test for (C,1).
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Figure 2.5: Mature myeloid populations are unchanged in HMGCR S871A KI mice. Atherosclerosis
was induced in WT and Kl female mice as in Figure 2. (A) Representative gating strategy for bone marrow
myeloid cells. (B-D) Frequency of live, single cells for Ly6C" monocytes (B), Ly6C'® monocytes (C), and
neutrophils (D) in bone marrow (n=9 WT and n=8 KIl). (E) Representative gating strategy for splenic myeloid
cells. (F-H) Frequency of live, single cells for Ly6C" monocytes (F), Ly6C'° monocytes (G), and neutrophils
(H) in spleen (n=9 WT and n=8 KI). (I) Representative gating strategy for circulating myeloid cells. (J-L)
Frequency of live, single cells for Ly6C" monocytes (J), Ly6C"° monocytes (K), and neutrophils (L) in
circulation (n=9 WT and n=8 KI). Data represented as violin plots truncated at maxima and minima with
median and first and fourth quartiles outlined. P values calculated using an unpaired, two-tailed Student’s
t-test for (B,D-H,K-L), or an unpaired, two-tailed Mann-Whitney U test for (C,J).
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Figure 2.6: S871A KI HMGCR macrophages respond similarly to inflammatory stimuli. (A) Lipid
loading schematic: BMDM from non-hypercholesterolemic mice were lipid-loaded overnight with vortex-
aggregated LDL (agLDL; 50 pg/ml) for 18 hours. (B-C) Representative BODIPY493/503 staining (B) and
gMFI quantification (C) (n=4 WT and KIl). (D) BMDM were lipid-loaded for 6 h with acLDL (50 pg/ml) and
relative fold increase over non-lipid loaded state plotted. (E) BMDM were lipid loaded overnight with agLDL
(50 ug/ml) and gene expression was measured by RT-qPCR. Values are represented as the fold change
with lipid-loading within each biological replicate (n=4 WT and KI). (F-l) Schematic of inflammatory
activation. BMDM were lipid loaded overnight with agLDL (50 pg/ml) before being stimulated with LPS (100
ng/ml) for 2, 6, and 24 h. Concentration of TNF-a (G) and IL-6 (H) in culture supernatants (n=4 WT and KI).
() Relative fold change in /117b mRNA transcript. (J) BMDM were lipid loaded for 24 h with agLDL (50 ug/ml)
and stimulated with LPS (100 ng/ml) for 4 h before spiking in ATP (2 mM) for 45 min. Concentration of IL-
1B in culture supernatants (n=5 WT and KIl). (K-O) Female mice were fed a WD for 16 wk following Pcsk9-
AAYV injection. Circulating TNF-a (L), IL-6 (M), IL-1B (N), and IL-10 (O). Data represented as violin plots
truncated at maxima and minima with median and first and fourth quartiles outlined, or as histograms with
mean + SD. P values were calculated using a two-way ANOVA with Tukey’s post-hoc analysis in (C,J), an
unpaired, two-tailed Student'’s t-test for (D,E,L,M,0), or a two-tailed, unpaired Mann-Whitney U test for (N).
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Figure 2.7: HMGCR S871A Kl bone marrow transplanted mice do not have elevated plaque. (A)
Schematic of experiment: bone marrow from female WT and Kl mice were transplanted into lethally
irradiated WT mice. Following a 4 wk recovery period, mice were injected i.v. with Pcsk9-AAV8 (2.5 x 10'°
genome copies) and fed a western diet (40% kcal fat, 0.15% cholesterol) for 16 wk. (B,C) Aortic root plaque
area expressed as a percentage of aortic root in a histogram spanning 800 um (B) and the resulting area
under the curve (C) (n=11 WT and n=10 Kl mice). (D) Necrotic core expressed as a percentage of lesion
area (n=10 WT and n=11 Kl mice). (E) Serum total cholesterol. (F-I) Serum cytokine concentration for TNF-
a (F), IL-6 (G), IL-1B (H), and IL-10 (I). Data represented as violin plots truncated at maxima and minima
with median and first and fourth quartiles outlined, or as histograms with mean + SD. P values were
calculated using an unpaired, two-tailed Student’s t-test for (C-H), or a two-tailed, unpaired Mann-Whitney

U test for (1).
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Supplemental Figure 2.1: Allosteric activation of AMPK suppresses fatty acid but not cholesterol
synthesis in HMGCR S871A Kl macrophages. (A) Schematic of cholesterol regulation: free cholesterol
(FC) levels are regulated by rates of synthesis, uptake, and efflux. (B) BMDM were labeled for 4 h with [*H]-
acetate (1 pCi/ml) and incorporation into de novo fatty acid synthesis was measured with or withouta 1 h
MK-8722 (2 uM) pretreatment (n=4 WT and KI). P values calculated using two-way ANOVA with Tukey’s
post-hoc analysis.
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Supplemental Figure 2.2: Atherosclerosis quantification workflow. Frozen aortic sinuses were
sectioned at 10 ym serially across 10 slides such that each slide contained 9 sections spaced 100 um apart
and spanning 800 pum in total. Plaque was manually outlined in H&E-stained sections on ImagedJ. Left:
Plaque histogram representing the plaque on each section expressed in mm? or Right: as a percentage of
aortic root. AUC measurements are derived from the histograms, while sum is the total plaque amount in
mm? or the total plaque area divided by the total aortic root area. Average lesion area is the average of 3-
5 sections starting from when three leaflets are clearly identifiable.
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Supplemental Figure 2.3: Pcsk9-AAV-induced hypercholesterolemia affects male and female mice
differently. (A) Schematic of model: 8-10 wk old male and female mice were injected i.v. with Pcsk9-AAV8
(2.5 x 10'°genome copies) and fed a western diet (40% kcal fat, 0.15% cholesterol) for 16 or 26 wk. (B-D)
Atherosclerotic plaque expressed in mm? for AUC (B), sum (C), and average lesion size (D). (E-G)
Atherosclerotic plaque expressed as a percentage of aortic root for AUC (E), sum (F), and average lesion
size (G). Data represented as violin plots truncated at maxima and minima with median and first and fourth
quartiles outlined. P values calculated using two-way ANOVA with Tukey’s post-hoc analysis.
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Supplemental Figure 2.4: Aortic root atherosclerosis is unchanged between WT and Kl male and
female mice. (A,B) Atherosclerosis was induced in male and female mice using Pcsk9-AAV followed by
16 wk of WD feeding. Body weight (A) and percentage weight gain (B) (n=5 WT and KiI). (C-H) Female
aortic sinus plaque measurements: summed plaque area (C) and average plaque area (D) expressed as a
percentage of aortic root; plaque area histogram (E), AUC (F), summed plaque area (G) and average
plaque area (H) expressed in mm? (n=10 WT and n=11 Kl). (I-P) Atherosclerosis was induced in male mice
using Pcsk9-AAV followed by 26 wk of WD feeding. Aortic sinus plaque histogram (I), AUC (J), summed
plaque area (K), and average plaque area (L) expressed as a percentage of aortic root; plaque histogram
(M), AUC (N), summed plaque area (O), and average plaque area (P) expressed in mm? (n=4 WT and n=7
Kl). (Q-T) Serum lipid measurements from 16 wk WD-fed male mice: total cholesterol (Q), LDL-C (R), HDL-
C (S), TAG (T) (n=8 WT and n=11 KI). Data represented as violin plots truncated at maxima and minima
with median and first and fourth quartiles outlined, or as histograms with mean + SD. P values were
calculated using an unpaired, two-tailed Student’s t-test (C,D,F-H,J-L,N,Q,R,T) or an unpaired, two-tailed
Mann-Whitney U test (O,P,S).
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Supplemental Figure 2.5: Representative hematopoietic and myeloid gating strategies. (A,B)
Progenitor gating strategy for bone marrow (A) and spleen (B). (C-E) Myeloid gating strategy for bone
marrow (C), spleen (D), and blood (E).
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Supplemental Figure 2.6: Total hematopoietic progenitor populations are unchanged in female
HMGCR S871A KI mice. Atherosclerosis was induced in WT and Kl female mice as in Figure 4. (A-H)
Total cells per leg for LK (A), GMP (B), LSK (C), MPP2 (D), MPP3 (E), MPP4 (F), ST-HSC (G), and LT-
HSC (H) populations in bone marrow (n=9 WT and n=7 Ki). (1,J) Total cells per spleen for LK (I) and LSK
(J) populations (n=9 WT and n=7 KI). Data represented as violin plots truncated at maxima and minima
with median and first and fourth quartiles outlined. P values were calculated using an unpaired, two-tailed
Student’s t-test (A,B,G-I) or an unpaired, two-tailed Mann-Whitney U test (C-F,J).
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Supplemental Figure 2.7: Total hematopoietic progenitor populations are largely unchanged in male
HMGCR S871A KI mice. Atherosclerosis was induced in WT and Kl male mice as in Figure 4. (A-H)
Frequency of live, single cells for LK (A), GMP (B), LSK (C), MPP2 (D), MPP3 (E), MPP4 (F), ST-HSC (G),
and LT-HSC (H) populations in bone marrow (n=6 WT and n=5 Ki). (1,J) Frequency of live, single cells for
LK (I) and LSK (J) populations in spleen (n=6 WT and n=5 KIl). (K-R) Total cells per leg for LK (K), GMP
(L), LSK (M), MPP2 (N), MPP3 (O), MPP4 (P), ST-HSC (Q), and LT-HSC (R) populations in bone marrow
(n=6 WT and n=4 KI). (S,T) Total cells per spleen for LK (S) and LSK (T) populations (n=9 WT and n=7 KiI).
Data represented as violin plots truncated at maxima and minima with median and first and fourth quartiles
outlined. P values were calculated using an unpaired, two-tailed Student’s t-test (B,C,E-M,O-T) or an
unpaired, two-tailed Mann-Whitney U test (A,D,N).
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Supplemental Figure 2.8: Total myeloid populations are unchanged in female HMGCR S871A Ki
mice. Atherosclerosis was induced in WT and Kl female mice as in Figure 4. (A-C) Total cells per leg for
Ly6C" monocyte (A), Ly6C'° monocyte (B), and neutrophil (C) bone marrow populations. (D-F) Total cells
per spleen for Ly6C" monocyte (D), Ly6C' monocyte (E), and neutrophil (F) populations. (G-l) Total cells
per ul of whole blood for circulating Ly6C" monocyte (G), Ly6C"° monocyte (H), and neutrophil (I)
populations (n=9 WT and n=8 KIl). Data represented as violin plots truncated at maxima and minima with
median and first and fourth quartiles outlined. P values were calculated using an unpaired, two-tailed
Student’s t-test (B-E,G,0) or an unpaired, two-tailed Mann-Whitney U test (A,F,H).
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Supplemental Figure 2.9 Total myeloid
populations are unchanged in male
HMGCR S871A Kl mice. Atherosclerosis
was induced in WT and Kl male mice as in
Figure 4. (A-C) Frequency of live cells for
Ly6C" monocyte (A), Ly6C'° monocyte (B),
and neutrophil (C) bone marrow populations.
(D-F) Frequency of live cells for splenic
Ly6C" monocyte (D), Ly6C'° monocyte (E),
and neutrophil (F) populations. (G-l)
Frequency of live cells for circulating Ly6C"
monocyte (G), Ly6C'° monocyte (H), and
neutrophil (1) populations. (J-L) Total cells
per leg for Ly6C" monocyte (J), Ly6C"
monocyte (K), and neutrophil (L) bone
marrow populations. (M-O) Total cells per
spleen for Ly6C" monocyte (M), Ly6C'°
monocyte (N), and neutrophil (O)
populations. (P-R) Total cells per pl of whole
blood for circulating Ly6C" monocyte (P),
Ly6C' monocyte (Q), and neutrophil (R)
populations (n=6 WT and n=5 Kl). Data
represented as violin plots truncated at
maxima and minima with median and first
and fourth quartiles outlined. P values were
calculated using an unpaired, two-tailed
Student’s t-test (A-H,J,L-R) or an unpaired,
two-tailed Mann-Whitney U test (I,K).

112



Oligo FCCP Rot/AA Oligo FCCP Rot/AA

A 5 Y v v B 3 Y y v
-o- WT
— 4 -
5 5 K
€ koo - L2 2] -3 WT+LPS
&< 1 =7 < £ nn
SE ; / OE %% %% - Kl +LPS
S 21 “ ! "I pegr
: 5 ) S S St
s _E E H-%
0—0—0
O 1 ] I 0 1 ] I
0 20 40 60 80 0 20 40 60 80
min D E min
C 4 1.2 2.0 —wr
0.6461 0.1493
%\ — ,E\ 0o 0.2948 0.4696 § :é'\ 0.8622 0.0176 K
&> 34 Lo TS5 154
B ¢ g S E g g g
20 4o = i x 9 9
w —
ggT @ 52 ] 52 101
5 E EEC £E |fo
23 4. 3 =43 g54
58 £ o0 Zg°
= S
= = £E&
0 T T 0.3 T T 0.0 T
LPs: - + Lps: - Lps: - +
F 5 G 1.0 H 2.0

0.0203 0.7957

N
IS)
W
S
S
I
[S)
=
N
X
)

w
1
Reserve Capacity
(pmol/min/Norm. Unit)
o
o

0.9802

o
w»
1
N
(6]
1

mtDNA:NDNA
o
1

Maximal Respiration
(pmol/min/Norm. Unit)

2=

14 0.54 0.5

0 T T 1.0 T T 0.0 T
LPs: - - LPs: - + WT K

Supplemental Figure 2.10: AMPK signaling to Hmgcr in macrophages is not required for the
bioenergetic response to inflammatory stimuli. BMDM were stimulated with or without LPS (100 ng/ml)
for 24 h before initiating mitochondrial stress test using oligomycin (1.5 uM), FCCP (1.5 uM), and rotenone
(1 pM)/antimycin A (1 puM). Data normalized to nuclei count following Hoechst staining. (A) Oxygen
consumption rate (OCR) and (B) Extracellular acidification rate (ECAR) expressed as
pmol/min/normalization unit. (C-G) Bioenergetic parameters derived from OCR: basal respiration (C),
proton leak (D), ATP-linked respiration (E), maximal respiration (F), reserve capacity (G) (n=4 WT and KI).
(H) Mitochondrial DNA:nuclear DNA ratio (n=4 WT and KIl). Data represented as violin plots truncated at
maxima and minima with median and first and fourth quartiles outlined, or as histograms with mean + SD
P values were calculated using a two-way ANOVA for (C-G) and a Student’s t-test for (H).
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Supplemental Figure 2.11: HMGCR S871A KI bone marrow transplanted mice do not have elevated
plaque. (A) Schematic of experiment: bone marrow from female WT and Kl mice were transplanted into
lethally irradiated WT mice. Following a 4 wk recovery period, mice were injected i.v. with Pcsk9-AAV8 (2.5
x 10'° genome copies) and fed a western diet (40% kcal fat, 0.15% cholesterol) for 16 wk. (B,C) Aortic root
plaque area expressed as a percentage of aortic root for summed plaque across all nine sections (B) and
average plaque size (C) (n=11 WT and n=10 KI). (D) Aortic root plaque area expressed in mm? in a
histogram spanning 800 pm and the resulting AUC (D), summed plaque (E), and average plaque size (F)
(n=11 WT and n=10 Kl mice). Data represented as violin plots truncated at maxima and minima with median
and first and fourth quartiles outlined, or as histograms with mean + SD. P values were calculated using an
unpaired, two-tailed Student’s t-test (B,C,E,G) or an unpaired, two-tailed Mann-Whitney U test (F).
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Supplemental Table 2.1: Primers used in RT-qPCR.

TagMan Probes

Target (mouse)

Assay ID (Invitrogen)

Hmgcs1
Hmgcr
Mvk
Fdft1
Dhcr7
Dhcr24
Ggpps1
Pggt1b
Fntb
116
I11b
Actb
Thp

MmO01304569_m1
MmO01304569_m1
MmO01304569_m1
MmO01304569_m1
MmO00514571_m1
MmO00519071_m1
Mm00656129_mH
MmO00553955_m1
Mm04213852_s1

MmO00446190_m1
MmO00434228 m1
MmO00607939_s1

Mm00446973_m1

Oligos for use with SYBR Green

Target (mouse) Forward (5'-3") Reverse (5'-3")
Actb GGCTGTATTCCCCTCCATGG CCAGTTGGTAACAATGCCATGT
Thp GCTCTGGAATTGTACCGCAG CTGGCTCATAGCTCTTGGCTC
Rrm1 GCCGCCAAGAGCGAGTTAT TCATGGTGATCTGAGCAGGAT
Sibp CCCACCCGGTTATGGGAGT GGCCTTCAGGAGTTGTAAAGC
Top2a ACCATTGCAGCCTGTAAATGA GGGCGGAGCAAAATATGTTCC
Mki67 AGCACAAAGAGACGGTCTAAGA CTCTGCCTCGTGACTGTGTT
Msr1 AGTGCTGTCTTCTTTACCAGC GTGAGGAAGGGATGCTGTA
Fabp4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC
Mtco1 TGCTAGCCGCAGGCATTAC GGGTGCCCAAAGAATCAGAAC
Ndufv1 CTTCCCCACTGGCCTCAAG CCAAAACCCAGTGATCCAGC
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Supplemental Table 2.2: Antibodies and dyes used for flow cytometry.

Target Fluorochrome Clone Dilution Supplier CAT
Ly-6G FITC 1A8 200 BioLegend 127605
CD115 PE AFS98 200 BioLegend 135505
Ly-6C PE-Cy7 HK1.4 400 BioLegend 128017
CD11b APC-eF780 M1/70 200 eBioscience 47-0112-82
Sca1 BV605 D7 200 BioLegend 108134
CD16/32 BV711 93 200 BioLegend 101337
CD3e Biotin 145-2C11 100 BioLegend 133307
Gr-1 Biotin RB6-8C5 100 BioLegend 133307
CD45R/B220 Biotin RA3-6B2 100 BioLegend 133307
TER-119 Biotin TER-119 100 BioLegend 133307
CD11b Biotin M1/70 100 BioLegend 133307
Streptavidin AF488 N/A 200 BioLegend 405235
CD135 PE A2F10 200 BioLegend 135306
CD150 PE-Dazzle TC15-12F12.2 200 BioLegend 115936
CD48 PE-Cy7 HM48-1 200 BioLegend 103424
CD34 eF660 RAM34 100 Thermo Fisher  50-0341-82
cKit APC-eF780 2B8 200 Thermo Fisher  47-1171-82
Zombie aqua N/A N/A 500 BioLegend 423102
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Chapter 3: Elevated AMPK activity modulates the host response to

Salmonella enterica

3.1 Preface

This chapter is in preparation for submission as a research article to the Journal of Immunology

that will include pertinent data from Chapter 4.
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Girouard, Victoria Robert-Gostlin, Aaron Reyes, Rayan El Hamra, Subash Sad, Bruce E. Kemp,

Sandra Galic, Morgan D. Fullerton

Author Contributions: T.K.T.S. Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Writing — original draft, Writing — review and editing, Visualization. C.O.D.,
P.G., J.R.C., J.N,, V.R.G., M.G., A.R,, Investigation. R.E.H. Conceptualization. S.S., B.E.K.,
K.L., S.G. Resources. M.D.F. Conceptualization, Resources, Writing — review and editing,

Supervision, Funding acquisition.

3.2 Abstract

Salmonella enterica causes a range of diseases in humans; however, our understanding of
how host metabolism modulates the systemic response to infection requires further investigation.
AMPK is a central regulator of metabolism that, when activated, generally suppresses NF-kB-
mediated proinflammatory cytokine production. In this work, we interrogate the role of AMPK
in the context of gram-negative bacterial infection. We report that activation of macrophage

AMPK using the allosteric activator, MK-8722 during S.Tm infection suppresses secondary NF-
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kB response target genes such as 7/6 and //12b, while having minimal effect on others like Edn1.
LC-MS-based metabolomics of infected macrophages revealed that acute AMPK activation
decreased TCA cycle metabolites and increased citrulline accumulation, which could be traced to
a trending elevation in Nos2 mRNA levels and NO production. We also present preliminary
evidence that AMPK a is transiently modified early during phagocytosis of S.Tm and other
phagocytic material. In a mouse model of S.Tm infection, mice expressing an overactive form of
AMPK exhibited greater S.Tm burden, while acute systemic administration of MK-8722 had no
effect on bacterial pathogenesis. Reciprocal BMTs from mice with overactive AMPK revealed
that elevated AMPK activity in circulating immune cells does not contribute to S.Tm infection.
Our results suggest that AMPK activity opposes several host antibacterial mechanisms, though

the relevance of these in vivo are likely pathogen and context specific.

3.3 Introduction

Salmonella enterica can cause severe disease in humans. Host cells undergo significant
changes in metabolism to respond to invading pathogens such as S.Tm. AMPK is a
heterotrimeric energy sensor comprised of a, B, and y subunits that is activated by changes in
adenine nucleotide ratios>* and concentrations of metabolites such as FBP?® or saturated long-
chain fatty acyl-CoAs>'*. Once activated, AMPK signals to downstream targets to suppress
anabolic pathways and activate catabolic signaling to restore cellular energy balance*”.
Adequate subcellular localization and activity is conferred by a co-translational myristoylation
event on the B subunits at glycine 2, which when lost, results in elevated activity*°2.

AMPK has been shown to negatively regulate NF-«B transcriptional activity for select

inflammatory targets such as 7/6 and //12b, while increasing IL-10 secretion in innate immune
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cells?2>33 Though this inhibitory effect of AMPK activation has been suggested to occur at the
level of IkB and AKT??, this would imply that AMPK globally restricts NF-«kB signaling for
early response genes such as 7nf, as well as secondary response genes like 7/6 and /12b.
However, the mechanisms underlying these observations, and whether this transcriptional effect
modulates the systemic response to a live bacterial infection requires further refinement.
Furthermore, much of our understanding has been derived from either non-specific activators
such as AICAR3#515 | or knockout models in which the entire AMPK signaling network is
disrupted>!®, albeit in a tissue-restricted manner.

In vitro results from S.Tm-infected macrophages has suggested that AMPK becomes
activated following S.Tm infection in either a TAK1°'7, LKB14?!4¢°, or even a VEGFC-
dependent manner*’’. However, recent work was unable to detect changes in AMPK signaling
following infection with S.Tm in comparison to another gram-negative pathogen, Yersinia
pseudotuberculosis*®®. Considering macrophage AMPK activity is reduced downstream of TLR4
engagement®, which is also triggered during S.Tm infection alongside an array of other PRRs*%8,
it remains unclear how AMPK would be become activated during S.Tm infection.

We sought to determine whether AMPK is activated by S.Tm infection in macrophages,
as well as investigate how elevated AMPK activity influences infection in vitro and in vivo using
specific pharmacological activators and a genetic chronic overactivity model expressing a non-
myristoylated AMPK mutant (G2A). We observe modulation of select NF-xB and signal
transducer and activator of transcription 1 (STAT1)-dependent transcriptional targets
downstream of S.Tm infection in macrophages alongside AMPK-dependent metabolic changes

in arginine and TCA cycle metabolism. Bacterial burden in vivo was significantly elevated in our
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genetic, but not pharmacological activation model, suggesting a complex regulation of the host

antibacterial response depending on chronic versus acute AMPK activation.

3.4 Materials and Methods

Bone marrow-derived macrophage generation

BMDM were generated as previously described*’*. Briefly, tibias and femurs of both legs were
isolated, the ends of the bones were cut and centrifuged at 10,000 x g for 1 min into 100 pl of
RPMI 1640 (Wisent #350-000-CL) supplemented with 10% FBS (Wisent #080-150) and 1%
penicillin streptomycin (Thermo Fisher Scientific #SV30010), referred to hereafter as complete
RPMI. The bone marrow pellet was resuspended and cultured in 15 cm dishes containing 20%
L929 conditioned medium. Media was topped up with 5 ml of 20% L929 conditioned medium
on day 4, and BMDM were collected on day 6 by addition of 10 mM EDTA/PBS and gentle
scraping. Cells were resuspended in 10% FBS/RPMI without antibiotics. BMDM were seeded at
a density of 0.156 x 10° BMDM/cm?.

Bacterial preparation

S.Tm SL1344, or a GFP-expressing SL1344 strain, kind gifts from Drs. Subash Sad and Ryan
Russell, respectively, were grown overnight in LB media supplemented with 50 pg/ml
streptomycin sulfate (MilliporeSigma #S6501) shaking at 250 RPM at 37°C. The following
morning, 100 pl was transferred to a 14 ml bacterial culture tube containing 6 ml of LB media
without antibiotics (1:60), and the bacteria were subcultured for 2.5 h until late log phase. An
aliquot of the inoculum was transferred to a 96 well plate and the ODgoo was measured and fit to
a pre-determined standard curve, typically yielding ~3.0x10® CFU/ml. The bacterial suspension

was centrifuged at 4500 x g for 5 min at 4°C, then washed once or twice with PBS depending on
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final resuspension concentration. Following a final centrifugation step, the pellet was
resuspended in PBS to a desired concentration and stored on ice until initiating infection. To
verify MOI, S.Tm was diluted tenfold in 96 well plates and plated in 10 pl drops in
quadruplicate. Following overnight incubation at RT, colonies were counted with a dissection
microscope.

Cell culture treatments and S.Tm infection

Unless otherwise specified, BMDM experiments were carried out in 10% FBS/RPMI. Cells were
left to adhere overnight following initial seeding, unless the cells were polarized, in which case
LPS from Escherichia coli O111:B4 (100 ng/ml; MilliporeSigma #1.3024) was spiked into
plating media 4 hours after initial plating for 18 hours. Prior to infection, cells were washed once
with warm PBS before adding treatment media containing MK-8722 (2 uM; a gift from Merck),
aldometanib (5 uM), AICAR (200 uM), rotenone (5 uM), BI-9774 (10 uM), ionomycin (10
uM), or cytochalasin D (10 uM) for 15 or 30 min, depending on the experiment. S.Tm was then
spiked in at the indicated MOI, typically 2 or 10. For assays involving 12, 24, or 96 well plates,
plates were centrifuged after spiking in S.Tm at RT at 400 x g for 5 min before incubating the
plates at 37°C for 15 min. For 6 well plates, which could not be centrifuged due to the uneven
exposure of cells to air, S.Tm was spiked in and the infection was carried out for 20 min at 37°C.
Following infection, media was aspirated and cells were washed three times with warm
gentamicin/PBS (50 pg/ml; Thermo Fisher #15750060). Treatment media supplemented with 50
pg/ml gentamicin was then added back and the plates were incubated at 37°C for a further 1.5 h.
Media was again aspirated and cells were washed once with gentamicin/PBS (50 pg/ml) before
adding back treatment media supplemented with 10 pg/ml gentamicin and incubating at 37°C

until endpoint.
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SDS-PAGE and western blotting

Total cellular lysates were collected by adding 8.33 ul/cm? western lysis buffer (0.5% Triton X-
100; 0.5% NP-40; 50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 1 mM EDTA; protease inhibitor
cocktail, EDTA-free (Roche #11697498001)) and transferring lysate to pre-chilled 1.5 ml tubes.
Lysates were then clarified at 14,000 x g for 20 minutes at 4°C. After transferring supernatants to
new tubes, lysate protein concentrations were determined by bicinchoninic acid (BCA) assay
(Thermo Fisher #23225) according to the manufacturer’s protocol. Lysate protein concentration
was then equalized using western lysis buffer before adding 6X SDS loading buffer (300 mM
Tris-HCI, pH 6.8; 600 mM DTT; 12% SDS; 0.6% bromophenol blue; 60% glycerol). The
samples were then boiled at 95 °C for 5 minutes and stored at -20 °C. For SDS-PAGE, 8 — 15%
polyacrylamide resolving (375 mM Tris-HCI, pH 8.8; 0.1% SDS; 0.05% TCE) and 5% stacking
(130 mM Tris-HCI, pH 6.8; 0.1% SDS) gels were made in-house the day before sample running.
Samples in 1X SDS loading buffer or Protein Ladder (Bio-Rad #1610374) were loaded into 10-
or 15-well gels and run at 110V. The proteins were transferred to methanol-activated PVDF
(Bio-Rad #1620177) using the TransBlot system (BioRad) in Turbo Buffer (48 mM Tris; 39 mM
glycine; 20% methanol) for 20 minutes at 25V. Membranes were then blocked in 5% BSA
(BioShop #ALB001) in TBS-T (20 mM Tris; 150 mM NacCl; 0.1% volume fraction Tween-20)
for 1 hour, before distributing membranes into appropriate primary antibody dishes for overnight
incubation at 4 °C with gentle rocking (all antibodies diluted 1:1000 in 5% BSA in TBS-T; listed
in Supplemental Table 3.1). The next day, membranes were washed 4X with TBS-T and then
incubated with HRP-conjugated rabbit IgG secondary antibody (Cell Signaling Technology

#70748S; 1:10000 in 5% BSA in TBS-T) for 1 hour at RT. The membranes were again washed
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4X with TBS-T and then blots were activated with Clarity Western ECL substrate (Bio-Rad
#1705061) before being imaged on the LAS ImageQuant 4000.

Metabolomics sample preparation

BMDM derived from four WT and four G2A mice were seeded at 1x107 cells per 10 ¢cm dish and
were mock infected or infected with S.Tm-GFP (MOI 10) for 6 hours. After 6 hours of infection,
media was aspirated and cells were washed three times with 5 ml of ice-cold 150 mM
ammonium formate. After residual ammonium formate was removed, cells were then scraped in
230 pl of 50% MeOH/50% LC/MS-grade water equilibrated at -20°C. Scraped samples were
transferred to pre-chilled 2 ml screw cap tubes with 3 ceramic beads. Another 150 pl of
MeOH/H:>0 was added to collect residual metabolites, then the combined 380 pl was stored at -
80°C. Duplicate 10 cm dishes were prepared and infected identically for protein normalization.
Treatment media was aspirated after 6h and western lysis buffer was added before flash freezing
plates on liquid nitrogen and storing at -80°C. To quantify protein, samples were scraped on ice
and transferred to 1.5 ml Eppendorf tubes before centrifuging at 16,000 x g for 20 min at 4°C.
The supernatant was transferred to new tubes, and protein concentration measured by BCA to
determine the total amount of protein per dish. To approximate contribution of bacterial
metabolites, 2x107 S.Tm cells were added to a 10 cm dish and incubated for 20 min at 37°C after
which 10% of the volume (2x10° S.Tm; expected amount of intracellular bacteria assuming 20%
of the surviving BMDM have at least 1 bacterium) was transferred to Eppendorf tubes. These
cells were centrifuged at 5000 x g for 5 min, then resuspended in 150 mM ammonium formate.
Following another centrifugation step, the cells were resuspended in 380 pl of 50% MeOH/H,O
and stored at -80°C. For extraction of metabolites, samples were thawed on ice and vortexed at

maximum speed for 10 s before added 220 pl of ice-cold acetonitrile and vortexed again.
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Samples were then bead beaten in a MagNA lyzer (Roche) for 2 x 30s at 5000 RPM, cooling on
ice in between rounds. To the suspension, 600 ul of dichloromethane and 300 pl of ice cold H,O
were added, the samples vortexed, then allowed to partition on ice for 10 min. The samples were
then centrifuged for 10 min at 4000 RPM at 1°C. From the upper aqueous phase, 400 ul was
transferred to new tubes and stored at -80°C.

LC/MS-based mass spectrometry for metabolite identification

Samples were resuspended in water and run on an Agilent 6470A tandem quadruple mass
spectrometer equipped with a 1290 Infinity II ultra-high performance LC (Agilent Technologies)
utilizing the Metabolomics Dynamic Multiple Reaction Monitoring Database and Method
(Agilent), which uses an ion-pairing reverse phase chromatography. This method was further
optimized for phosphate-containing metabolites with the addition of 5 uM InfinityLab
deactivator (Agilent) to mobile phases A and B, which requires decreasing the backflush
acetonitrile to 90%. Reversed phase separation was obtained using the ZORBAX RRHD Extend-
C18 column (2.1 x 150 mm, 1.8 micron, Agilent technologies) coupled to a guard column,
ZORBAX Extend Fast Guards for UHPLC, Extend-C18, (2.1 mm, 1.8 micron). The mobile
phase A and B are water and methanol respectively and both contain 10 mM tributylamine and 5
uM Agilent’s InfinityLab deactivator solution. The auto-sampler and column compartment
temperatures were maintained at 4°C and 35°C respectively. Samples were analyzed using 250
puL/min flow rate with following gradient: 0-2.5 min 100% A, 2.5-7.5 min 100%-80% A; 7.5-13
min 80%-55% A, 13-20 min 55%-1% A, 20-24 min holding at 1% A, 24.05-31.5 min
backflushing the column with 90% Acetonitrile using clannel C and then 32.25-40 min
equilibrating the column with 100% A. Mass spectrometry detection settings included: N> drying

gas temperature 150°C; N drying gas flow 13 L/min; nebulizer pressure 45 psig, sheath gas
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temperature 325°C, sheath gas flow 12L/min, capillary voltage 2000 V, and Nozzle voltage of
500 V. Samples were injected in negative ESI mode. Dynamic multiple reaction monitoring
(dMRM) transitions were optimized using authentic standards and quality control samples.
Metabolites were quantified by integrating the area under the curve of each compound using
external standard calibration curves with Mass Hunter Quant software (Agilent). No corrections
for ion suppression or enhancement were performed, as such, uncorrected metabolite
concentrations are presented.

Metabolomics data analysis

Raw concentrations for detected metabolites (WM) were converted to total nmol and normalized
to protein content from duplicate 10 cm dishes (nmol/mg protein). The metabolite amounts in
nmol/mg protein were then separated into groups and analyzed in R Studio. Missing values were
imputed as 1/5 of the lowest value within a group, and metabolites detected in less than 50% of
samples were removed. For each metabolite in paired data sets (mock vs infected, mock DMSO
vs MK-8722, and S.Tm DMSO vs MK-8722), fold change was calculated within each biological
replicate from uninfected or untreated conditions to the treated condition, resulting in a mean of
1 in the control samples. These values were then logz-transformed and were analyzed using a
one-sample paired Welch’s t-test to assess whether the mean logs fold change significantly
differed from zero. For unpaired data sets (WT vs G2A in infected and uninfected conditions),
values were normalized to WT groups and then log2-transformed for analysis using a one-
sample unpaired Welch’s t-test. Kyoto Encyclopedia of Genes and Genomes (KEGG) '8
pathway enrichment analysis was performed using MetaboAnalyst 6.0 >!°. Raw P-values are
reported without multiple testing correction, as the analysis was hypothesis-driven and focused

on a predefined subset of metabolites with established biological relevance.
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ELISA

Cell culture supernatants were collected and transferred to 96 well U-bottom plates (Thermo
Fisher Scientific #7000165) and stored at -80 °C. ELISAs for murine TNF-a (Bio-Techne
#DY410), IL-6 (Bio-Techne #DY406), IL-10 (Bio-Techne #DY417) and IL-1P (Bio-Techne
#DY401) were performed according to manufacturers’ instructions.

RNA isolation, cDNA synthesis, and RT-qPCR.

Cells were treated as described and washed once with PBS before adding 115 ul/cm? TriPure
RNA isolation reagent (Roche #11667165001). RNA isolation was carried out according to the
manufacturer’s instructions with all centrifugation steps at 4°C. RNA concentration and quality
(A260/280) was measured using the Take3 Plate (Agilent #TAKE3-SN) on the Synergy H1 Plate
Reader (BioTek). RNA concentration was equalized using DNase/RNase free H,O, after which
300-400 ng of RNA was transferred to 8-strip PCR tubes (Diamed #DIATEC420-1378) and
reverse transcribed into cDNA using the All-in-One 5X RT Master Mix (Applied Biological
Materials #G592) in a T100 thermal cycler (Bio-Rad). Synthesized cDNA was diluted to a final
concentration of ~2.5 ng/ul in DNase/RNase free H>O such that each qPCR reaction contained
~10 ng of cDNA. qPCR was performed using the BlasTaq 2X qPCR MasterMix (Applied
Biological Materials #G891) according to manufacturers instructions. Relative expression was
calculated with the #2Ct method*® using Hprtl as a housekeeping gene. Primer sequences are
listed in Supplementary Table 3.2.

Flow cytometric quantification of infected cells

Following specified treatments, BMDM in 24 well plates were washed once with PBS before
adding 200 pl of warm trypsin-EDTA (Wisent #325-542 CL) and incubating at 37°C for 5 min.

Cells were then transferred to 1.2 ml cluster tubes (Corning #4401) containing 300 pl of cold 1%
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FBS/PBS. Cells were centrifuged at 400 x g for 5 min and then stained with Zombie Aqua
(1:500; BioLegend #423102) for live/dead discrimination in 50 ul PBS for 30 min on ice. Cells
were washed with PBS, centrifuged, and fixed with 2% paraformaldehyde (PFA) in PBS
(BioShop #PARO070) for 15 min on ice. The cells were washed with PBS and finally resuspended
in PBAE for analysis on the LSR Fortessa (BD).

Mouse models and methods

Mouse models

C57BL/6J mice were purchased from The Jackson Laboratory (#000664) and bred in house.
AMPK B1/B2 G2A mice were generated as previously described”. Prkaal™™ and Prkaa2V™ mice
were generated as previously described®?*>2!, then crossed to generate double
Prkaal™/Prkaa2™" mice. These were then bred with mice expressing Cre under the lysozyme

M promoter (CretysM)322

. All mice were housed in ventilated cages at ~23 °C and maintained on
a 12/12 h light-dark cycle with ad libitum access to a standard rodent chow (58% kcal from
carbohydrates, 18% kcal from fat, and 24% kcal from crude protein; Harlan Teklad #2018) and
water. All experiments conducted were in accordance with the Canadian Council of Animal Care
and approved by the Animal Care Committee at the University of Ottawa (BMle-3742).

S.Tm infection models

Male and female C57BL/6J mice, aged 6-12 weeks old were inoculated according to the
intended route of infection. For orogastric infection, mice were fasted on day -1 for 3 hours
before being gavaged with streptomycin sulfate in PBS (20 mg/mouse). Food was returned to
cages before repeating fasting 24 hours later. Overnight culture of S.Tm was initiated in 6 ml of

LB media containing 50 pg/ml streptomycin. After fasting the mice on day 0, S.Tm was grown

to mid-log phase following 2.5 hours of subculture in antibiotic free LB at 37°C shaking at 250
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RPM. Bacteria were transferred to new tubes, spun at 5000 x g for 5 min at 4°C, then washed
twice with PBS before resuspending to 5x10% CFU/ml in PBS. After 3 hours of fasting, mice
were gavaged with 4-6x107 CFU of GFP S.Tm (bacterial burden cohorts) or WT S.Tm (survival
cohorts) before returning food to cages. Mice were weighed and feces collected daily and
processed for CFU counts before harvesting on day 5. For IP infection, mice were injected with
1x10* CFU of S.Tm prepared as described above. For MK-8722 cohorts, mice were fasted for 3
hours before administering MK-8722 (10 mg/kg) or vehicle (0.25% (w/v) methylcellulose, 5%
(v/v) Polysorbate 80, and 0.02% (w/v) sodium lauryl sulfate in sterile HO) by oral gavage on
day 0. After another 3 hours, mice were inoculated by oral gavage with 5x107 CFU/mouse
Survival Studies

Mice were infected with S.Tm via either orogastric or IP routes as described above. Mice were
monitored twice daily (morning and evening) for bodyweight changes and signs of stress, with a
disease severity score assigned following monitoring. The disease severity score was on a scale
of 0-12 and was the sum of "Appearance" (0-4), "Activity" (0-4), and "Response to Stimulus" (0-
4), where humane endpoint was considered a score of 8/12, or a 20% reduction in bodyweight.
At endpoint, mice were injected with a lethal dose of ketamine and xylazine (150 mg/kg
ketamine and 10 mg/kg xylazine) and cervically dislocated.

Bone marrow transplant

Bone marrow from one WT and one G2A donor per cohort was isolated and stored on ice in
DMEM without FBS or antibiotics. Recipient mice were lethally irradiated with two doses of 4.5
Gy (9 Gy total) of X-ray radiation over a period of 5 min, with the doses administered 3 hours
apart. Following the second dose, mice were injected intravenously via tail vein with 5x10°

whole bone marrow cells in 100 pl of DMEM and transferred into sterile cages. Following
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transplantation, mice were weighed and monitored daily for 7 days and then twice weekly for a
further for 4 weeks during recovery. Mice with unsuccessful transplantation were sacrificed if
bodyweights dropped below 20% of their starting weight and exhibited significant distress. After
8 weeks of recovery, mice were subjected to a survival study with WT §.Tm as described above.
CFU quantification

Following left ventricular perfusion, tissues were isolated under aseptic conditions, weighed, then
transferred to 1.8 ml homogenization vials containing three 2.8 mm ceramic beads and 0.5 ml ice
cold PBS for most tissues, and 1 ml for the liver. For the distal ileum, cecum, colon, liver, and
spleen, tissues were homogenized at 6000 RPM for 3x20s bursts in a MagNa Lyser (Roche).
Homogenates were then centrifuged at 400 x g for 5 minutes before performing serial dilutions in
PBS. For bone marrow and blood samples, cell pellets corresponding to either one leg or 50 ul of
whole blood, were resuspended in 0.3 ml of 0.3% TX-100/PBS before being serially diluted in
PBS. All preparations were plated in 10 pl drops in quadruplicate on LB agar supplemented with
50 pg/ml streptomycin at multiple dilutions. Colonies were grown overnight at room temperature
and counted the following day under a dissection microscope. Counted colonies were averaged,
converted to CFU/ml (blood), then to CFU/g tissue (distal ileum, cecum, colon, liver, and spleen)
or CFU/leg (bone marrow).

Data Availability

All raw data is available upon reasonable request.

Statistical Analysis

Data are represented as individual points with medians and means denoted by lines for log or
linear displayed data, respectively. Histograms are represented as mean + SD, unless otherwise

specified. Statistical analyses were performed using GraphPad Prism Software version 10.0.2.
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Normality was assessed using the Shapiro-Wilk test with a cutoff of P>0.05 for normally
distributed data. Differences between groups that involved a single dependent variable were
analyzed using the parametric Welch’s t test for normally distributed data, or the nonparametric
Mann-Whitney U test for non-normally distributed data. In groups with two or more factors, a
two-way analysis of variance (ANOVA) test was performed with Tukey’s or Sidak’s post hoc
test for multiple comparisons, as described. P values are reported for all meaningful comparisons

to the fourth decimal.
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3.5 Results

d3%, where

The anti-inflammatory nature of AMPK activation has long been appreciate
elevated AMPK activity is associated with suppressed transcription of classic inflammatory
transcripts. However, these observations have been primarily based on experiments using
purified TLR agonists and not live bacterial infections that can stimulate multiple TLRs.
Proinflammatory cytokine production following TLR agonism and activation of the TLR adaptor
MyDS88 leads to NF-kB activation and induction of transcription in several phases (Figure 3.1A).
Early response genes such as 7nf are transcribed as part of the first wave of NF-kB signaling and
are appreciably increased following 2 hours of TLR activation. Meanwhile, transcription of
second wave genes such as 7/6 and 1710 are induced later, peaking around 6-12 hours*%*. To
compare how increasing AMPK activity affects the response to pro-inflammatory stimuli, we
treated bone marrow derived macrophages (BMDM) with the potent and selective AMPK
activator MK-8722 during incubation with LPS or S.Tm. Both §.Tm and LPS induced expression
of the early response gene Tnf'to a similar extent (Figure 3.1B). In agreement with prior

literature325-23

, we observed minimal effect of AMPK activation on 7nf transcript levels in either
LPS or S.Tm-infected BMDM at 2 hours or 6 hours post-infection, though there may have been a
potentiating effect of AMPK activation at longer timepoints in the LPS condition (Figure 3.1B).
In contrast, the second wave target 7/6 was suppressed by ~50% at the transcript level in both
LPS and S.Tm-infected conditions by 6 hours, with minimal effects at 2 hours or 24 hours post-
stimulation (Figure 3.1C). While //10 has been shown to increase at the protein level following
AMPK activation®?, we detected no change at the mRNA level (Figure 3.1C), raising the

question of how AMPK differentially regulates targets of NF-«B signaling. Secreted TNF-a and

IL-6 mirrored their induction at the mRNA level, though AMPK activation during LPS
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stimulation led to higher TNF-a at 2 hours (Figure 3.2A,B). IL-10 secretion differed from its
mRNA induction under AMPK activated conditions, which was especially apparent at 2 hours
post-stimulation with LPS (Figure 3.2C). This effect was detectable in S. Tm-infected conditions
by 6 hours. This lends support to a post-transcriptional mode of regulation of IL-10. Altogether,
AMPK activation modulates transcription and secretion of cytokines during S.Tm infection in a
similar manner to the more commonly used LPS as a purified TLR4 agonist.

To probe deeper into AMPK-mediated influence of gene expression during S.Tm
infection, we again activated AMPK with MK-8722 and measured a larger set of NF-«B-
dependent transcriptional targets (Figure 3.3). The early response gene 7nf was completely
unaffected by AMPK activation at 2 hours, with minimal changes at 6 hours and later (Figure
3.3B). On the other hand, 7//b, which is essential for the inflammasome response to S.Tm, was
strongly suppressed throughout the timecourse beginning at 2 hours post-infection (Figure 3.3C).
When looking at secondary response genes, //6 was significantly lower following 6 hours of
AMPK activation, aligning with the trend in 7//2b transcript levels (Figure 3.3E). Interestingly,
Ednl, which is another secondary response gene, was unaffected by AMPK activation (Figure
3.3F). Furthermore, Nfkbiz, which encodes IkB{ and is an important link between the primary
and secondary NF-«B response*?¢, was similarly unchanged until 24 hours post-infection (Figure
3.3G). As observed previously, 7/10 mRNA levels were unchanged at any timepoint (Figure
3.3H). Acod1 encodes the enzyme that produces the antibacterial metabolite itaconate and was
also largely unaltered by AMPK activity (Figure 3.31). When viewed together (Figure 3.3J), it is
apparent that despite second wave genes sharing common upstream regulators, acute AMPK

activation affects a core subset of //1b, 116, and 1/12b by 6 hours post-infection. Collectively, this
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suggests that AMPK activation does not uniformly suppress NF-«B signaling, as more standard
kinetics would be expected to occur in other second wave response genes such as Ednl.

Beyond MK-8722, AICAR activates AMPK following its conversion to ZMP!?2, and has
been used in several studies investigating AMPK under inflammatory conditions>*. Though a
potent activator of AMPK, it has also been shown to affect a wide array of other AMP-sensitive
enzymes'®?, leaving its specificity to AMPK in question. When we stimulated AMPK activity via
AICAR during S.Tm infection, it potently suppressed multiple genes, including /10, and does
not align with other studies using more specific AMPK activation strategies*2>¥*> (Supplemental
Figure 3.1A-F). Therefore, inflammatory studies incorporating AICAR should be interpreted

with caution.

AMPK activation induces significant metabolic changes in TCA cycle and arginine
metabolism during S.Tm infection

As early as 2 hours after LPS stimulation, changes in metabolism can affect histone
acetylation and subsequent gene transcription®?. To identify whether there was a link between
AMPK-mediated metabolic and transcriptional changes, we turned to metabolite levels during
infection. Since we measured the most divergence in second wave gene expression at 6 hours
(Figure 3.3), we chose to ascertain the metabolic status of the cell at this timepoint. To do so, we
pretreated cells with MK-8722 or DMSO before infecting WT BMDM with S.Tm for 6 hours to
then measure metabolite levels using LC-MS-based metabolomics (Figure 3.4A). In total, we
detected 123 metabolites with good coverage of glycolytic, TCA cycle, pentose phosphate, and
nucleotide synthetic pathways. Bacterial metabolites were not detected in any significant

amount, as has been observed previously***. Expectedly, we observed drastic rewiring in infected
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cells relative to mock-infected cells, including a strong increase in TCA cycle metabolites such
as succinate, fumarate, malate, and the product of cis-aconitate decarboxylation, itaconate
(Supplemental Figure 3.2A; Table 3.1). These were accompanied by elevated arginine and
citrulline levels, which are required for NO production, as well as glycolytic metabolites like
dihydroxyacetone phosphate (DHAP), FBP, and BPG (Supplemental Figure 3.2A), all of which
are in line with other published work***. KEGG pathway enrichment analysis pointed to
glycolysis, pyruvate metabolism, TCA cycle, and arginine and proline metabolism being among
the most enriched metabolite sets (Supplemental Figure 3.2B).

When comparing the effects of AMPK activation in infected cells, several metabolic
pathways were altered including the TCA cycle and arginine metabolism (Figure 3.4B). For
example, TCA cycle metabolite abundance of citrate, fumarate, malate, and succinate were all
significantly decreased by approximately 30-40% compared to non-AMPK-activated conditions
(Figure 3.4C,D; Table 3.3). This also occurred without a significant change in pyruvate or lactate
levels (Figure 3.4D), suggesting that it is not tied to a comparable drop in glycolysis, though flux
analysis would be required to verify this observation. Interestingly, AMPK activation in the
absence of S.Tm leads to increased glycolytic metabolites such as FBP and DHAP, as well as
TCA cycle metabolites such as malate (Supplemental Figure 3.2C-F; Table 3.2).

The macrophage antibacterial response relies iNOS-dependent NO to generate RNS.
iNOS catalyzes the conversion of arginine to citrulline, yielding NO in the process (Figure 3.4E).
We detected a two-fold increase in citrulline levels with AMPK activation, which, when paired
with mildly reduced arginine, aspartate, and fumarate, is suggestive of either elevated iNOS
activity, or disrupted processing of citrulline to arginosuccinate via downstream ASS1 (Figure

3.4F). Notably, metabolites related to citrulline including proline, glutamate, and creatine, were
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unaltered by AMPK activation during infection (Figure 3.4F). To further explore this potential
link between AMPK and citrulline levels, we measured supernatant nitrite as an indirect readout
of NO production following S.Tm infection. Though the assay lacked sensitivity to detect nitrite
in non-AMPK-activated conditions, we measured a time dependent increase in nitrite levels with
MK-8722 treatment (Figure 3.4G). This suggests that AMPK activity increases NO production
during infection, though this must be validated using a more sensitive assay. Furthermore, we
measured mRNA levels of the main metabolic enzymes influencing citrulline concentration
including Nos2, which encodes iNOS, and A4ss/. There was a trend towards increased Nos?2
mRNA levels at 6 hours with AMPK activation, that due to the extent of gene induction was not
statistically significant (Figure 3.4H). This contrasted with 4ss/, which was not changed by
AMPK activation at 6 hours, and was even suppressed at later timepoints (Figure 3.41). This
imbalance in the enzymes that produce (iNOS) and process (ASS1) citrulline could potentially
explain our observed increase at the metabolite level. To interrogate the mechanism by which
Nos2 transcript levels are paradoxically increased while other NF-xB target genes such as 7/6 and
1112b are decreased, we sought alternative regulators of its transcription. Signal transducer and
activator of transcription 1 (STAT1) is an upstream regulator of Nos2 transcription, as well as
Ass1 and other chemokines such as Cxcl/9**-326, When we measured Cxcl9 transcript levels in
response to AMPK activation, it followed a similar trend to Ass/ (Figure 3.4I), which is more
clearly illustrated viewing the fold change in Nos2, Ass1, and Cxcl9 relative to their paired
controls (Figure 3.4K). This indicates that an AMPK-STAT]1 axis is unlikely to affect Nos2
transcript levels in our model. Regardless, in the non-infected state, in which citrulline was
undetectable in our dataset, we did observe a small increase in creatine levels, highlighting that

AMPK may be affecting arginine metabolism through multiple avenues (Supplemental Figure
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3.4G). Collectively, acute AMPK activation in macrophages induces metabolic rewiring centered
around the TCA cycle, arginine metabolism, and glycolysis during S.Tm infection, which may

have roles in regulating gene transcription.

Acute AMPK activation has minimal effect on macrophage S.Tm infection

Having established that AMPK induces significant changes in a subset of inflammatory
cytokines, as well as NO metabolism, we wondered if these effects would influence the
antibacterial killing mechanisms of BMDM. To test this, we measured uptake of GFP-expressing
S.Tm in either naive (M[0]) or LPS-polarized (M[LPS]) BMDM, which exhibit greater
phagocytic capacity, in the presence of MK-8722 or the phagocytosis inhibitor, cytochalasin D
(CytoD). Immediately following infection, CytoD expectedly reduced the number of GFP*
BMDM to ~10% compared to the 75% observed in non-inhibited cells (Figure 3.5A,B). AMPK
activation had a small effect on bacterial uptake, increasing the number of S.Tm" cells by 5%
(Figure 3.5B). In contrast, M[LPS] cells exhibited unchanged or lower bacterial burden with
AMPK activation (Figure 3.4B). Following 6 hours of infection, there was still a slight AMPK-
dependent increase in GFP™ macrophages in M[0], accompanied by a decrease in M[LPS]
(Figure 3.5C). By 24 hours, the trend was marginal in M[0] cells, but there was a significant 5%
decrease in GFP™ M[LPS] cells (Figure 3.5D). These data suggest that naive and LPS-polarized
macrophages respond differently to AMPK activation, though the effect of activating AMPK on
bacterial burden is minimal overall. We also assessed bacterial burden by intracellular CFU at 6
hours post-infection, which revealed no changes in macrophages acutely activated with MK-
8722 (Figure 3.5E). This held true for other AMPK activators including an alternative ADaM

site activator in BI-9774, as well as the AMP-mimetic AICAR (Figure 3.5E). These results
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signify that AMPK-induced transcriptional and metabolic changes in several key inflammatory
genes have minimal combinatory effect on the immediate infectivity of BMDM. All together,
acute AMPK activation, despite suppressing some NF-kB target genes important for defense
against intracellular pathogens such as IL-1p3, does not overtly affect the initial response to S.Tm

in macrophages.

Infection with S.Tm induces a higher molecular weight AMPKa band.

AMPK and mTORCI1 signaling balances catabolic and anabolic metabolism. mTORCI is
activated in the presence of LPS®?7, and during the response to S.Tm>2%. Alternatively, AMPK
activity is known to be suppressed following TLR engagement®®-32°, yet multiple reports have

421,469,470,517 Given these

detected paradoxical AMPK activation during S.Tm infection
discrepancies, we sought to validate if AMPK is indeed activated in BMDM following acute
exposure to S.Tm. To do so, we infected BMDM with S.Tm and monitored for AMPK activity
(Figure 3.6A). We detected a robust induction of mTORC1-related signaling as measured by
phosphorylation of S6, which is a general mTORCI activity readout (Figure 3.6B). This was
induced at 1h post-infection and persisted to 6 hours before decreasing 24 hours post-infection.
In contrast, when measured by phosphorylation of the downstream AMPK target, ACC, or by
phosphorylation of T172 on AMPKa itself, we observed no increase in AMPK activity
following infection. While this observation contrasts with prior literature, it aligns more closely
with what is known about AMPK and mTORCI1 activity, where it is unlikely that both kinases
would be maximally activated at the same time. Nonetheless, we detected a higher molecular

weight band only on the pAMPKa-T172 blot around 70 kDa. Wondering if this was merely an

antibody artefact, we performed another infection experiment, this time adding MK-8722 prior to
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infection to maximally activate AMPK and increase the amount of pAMPKa-T172 (Figure
3.6C). To our surprise, the MK-8722-activated conditions generated a distinct banding pattern
detectable as early as 15 min post-infection that completely disappeared by 2 hours (Figure
3.6D). Moving forward, we selected the 1h timepoint to capture the potential pAMPKa T172
band we observed in the absence of MK-8722 (Figure 3.6B,D). Though MK-8722 is a potent
allosteric activator of AMPK, there are many upstream inputs leading to increased AMPK
activity including rises in AMP:ATP ratios, low glucose, and increased calcium levels. To
determine whether this band shift was dependent on a certain mode of activation, 15 min prior to
infection we pretreated BMDM with compounds designed to increase or mimic AMP levels
(AICAR'?, rotenone!®®), mimic low glucose (aldometanib!?), stimulate calcium-dependent
AMPK activation (ionomycin>??), or allosterically activate AMPK at the ADaM site (MK-8722,
BI-9774°3%) (Figure 3.6E). In mock-infected conditions, we observed a strong increase in
pAMPKa T172 signal with all activators. In contrast, S.Tm-infected cells exhibited a clear shift
in banding pattern that was similar amongst the activators. This was also accompanied by a
relatively clear decrease in total AMPKa at its typical migration point at 63 kDa, suggesting that
the higher molecular weight protein generated may be inaccessible to the total AMPKa antibody.
This appears to be specific to AMPKal, considering there were no significant differences in
either B1 or y1 banding within these same samples (Supplemental Figure 3.3A). When BMDM
were exposed to an equivalent amount of heat-killed (HK) S.Tm, we observed the same pattern
as with live bacteria (Figure 3.6E). This becomes clearer when comparing multiple biological
replicates side by side, wherein all conditions were activated with MK-8722 (Figure 3.6F). Both
live and HK bacteria produced a similar pAMPKa T172 banding pattern and diverged

significantly from mock-infected conditions. Again, this was accompanied by a decrease in the
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total AMPKa banding pattern, and an increase in pS6 signal (Figure 3.6F). Additionally, when
comparing live, HK, and a mutant S.Tm strain lacking the SPI-1 virulence gene invA4, the
banding pattern was very similar (Supplemental Figure 3.3B), further supporting that this
potential modification does not depend on live S.Tm virulence.

Given that phagocytosis represents the main route through which S.Tm is taken up into
the macrophage, we wondered if the banding shift was phagocytosis-dependent. To test this, we
pretreated BMDM with either MK-8722 or the actin polymerization inhibitor CytoD prior to
infection with live S.Tm, or exposure to HK S.Tm (Figure 3.6G). We again observed the band
shift in S.Tm-infected cells, though there appeared to be multiple bands in AMPK activated
conditions (Figure 3.6H). With CytoD treatment, the banding intensity lessened, but did not
completely disappear, suggesting that this process may be at least partially phagocytosis-
dependent (Figure 3.6H). When comparing live versus HK S.Tm, there was again an equivalent
increase in the higher molecular weight banding that was reduced slightly with CytoD (Figure
3.60). It is worth noting that CytoD increased mTORCI activity in the absence of bacterial
exposure (Figure 3.6H,I). These data prompted us to question whether this increase in observed
molecular weight requires S.Tm at all, or if it is solely dependent on phagocytosis-dependent
signaling. To answer this, we again pretreated BMDM with MK-8722 and CytoD before spiking
phagocytic cargo including HK S.Tm, zymosan A particles from the yeast Saccharomyces
cerevisiae, and particles from the gram-positive Staphylococcus aureus (Figure 3.6J). All three
types of particles triggered the same pAMPKa T172 banding shift, which was more apparent in
AMPK-activated conditions (Figure 3.6K). CytoD treatment decreased the intensity of the
banding caused by all three types, linking the shift at least partially to phagocytosis (Figure

3.6K). Undoubtedly, stringent validation using alternative antibodies, as well as AMPK KO
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models will be required to further interrogate this phenomenon. However, the consistent
modulation of this band shift using a spectrum of AMPK activators is supportive of the
specificity of this modification for AMPKa. Collectively, these data suggest that AMPKa is
rapidly modulated by a transient post translational modification in macrophages during

phagocytosis (Figure 3.6L).

Mice expressing a myristoylation-deficient AMPK succumb to S.Tm more rapidly than WT
mice.

Though the primary route of S.Tm infection is through the gut, macrophages and the
production of inflammatory cytokines play an essential role in regulating S.Tm pathogenesis®°.
Knowing that elevated AMPK activity reduces select production of proinflammatory cytokines
in macrophages, we asked whether this was relevant in the context of whole-body infection. To
address this, we used a genetic model in which mice express a glycine-2-alanine (G2A) mutation
on both B1 and B2 subunits, rendering AMPK non-myristoylated and chronically overactive
since myristoylation restricts AMPK activity and regulates its subcellular localization*>2,

To understand how chronic AMPK overactivity affects S.Tm pathogenesis, we first
pretreated WT and G2A mice with an oral gavage of streptomycin to reduce colonization

resistance conferred by intestinal microbiota’*

. We then inoculated the mice 24 hours later by
gavage using the same GFP-expressing SL1344 S.Tm strain that we used in our in vitro
experiments (Figure 3.7A). Following this, we measured bodyweights daily, which, despite G2A
mice being lighter (Supplemental Figure 3.4A), did not differ significantly over the first three

days of infection when made relative to starting bodyweight (Figure 3.7B). By day four and five,

there was a trend towards greater bodyweight loss in the G2A mice (Figure 3.7B). At the time of
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harvest, five days post-infection, we measured colon length and observed cecum morphology,
both of which exhibited minimal genotypic changes, particularly when colon length was
normalized to bodyweight (Supplemental Figure 3.4B-D). Infection did not induce a prominent
colon shortening phenotype when compared with naive mice, though the cecum was expectedly
shrunken and more translucent (Supplemental Figure 3.4B-D). This tracked with a high fecal
burden that fluctuated by day, though did not differ between WT and G2A mice (Supplemental
Figure 3.4E). To assess whether certain tissues were more susceptible to S.Tm infection, we
measured bacterial load in gastrointestinal (GI) and systemic tissues. GI tissues such as the
cecum, colon, and distal ileum, did not display any genotypic differences in S.Tm burden (Figure
3.7C), aligning with our colon length and fecal burden data. However, there was a clear increase
in liver, spleen, and bone marrow CFU, suggesting either greater dissemination to tissues beyond
the GI tract or enhanced replication within those tissues (Figure 3.7C). Our measurements of
elevated bacterial burden in G2A mice was supported by increased expression of
proinflammatory transcripts including 7nf, 111b, 116, Ifng, and I/17a in the spleen (Supplemental
Figure 3.4F). Surprisingly, these transcript levels were unchanged in the liver, where the only
significant genotypic difference was in //10 expression (Supplemental Figure 3.4F), highlighting
tissue-specific regulation during the response to infection.

To determine whether this elevated burden translated to mortality, we subjected WT and
G2A mice to oral infection and measured survival. Humane endpoint was assigned to mice
reaching 20% bodyweight loss, or combined wellness measures exceeding a predetermined
threshold based on activity, appearance, and response to stimulus. Initial attempts using the
S.Tm-GFP strain from our burden experiments resulted in minimal mortality, where only 3/5

G2A mice and 0/6 WT mice succumbed to infection by day 16 before apparently clearing the
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infection (Supplemental Figure 3.5A-D). However, these data were supportive of G2A mice
being more susceptible to infection. To circumvent this, we infected the mice with WT S.Tm,
which resulted in a survival time of 5-8 days in WT mice following oral infection, in line with
published values*®? (Figure 3.7D). Repeating the experimental paradigm, we observed that
orally-infected G2A mice succumbed significantly earlier than their WT counterparts, reaching
50% mortality about two days before WT mice (Figure 3.7E). This was especially apparent by
wellness measures, where G2A mice displayed sickness behaviour earlier than WT mice
(Supplemental Figure S3.4C,D). This correlated with sharper, albeit less striking, differences in
bodyweight loss (Figure S3.4E), and a mild elevation in fecal S.Tm one day post-infection in
G2A mice (Figure S3.4F). To determine whether this susceptibility depended on conditions
beyond GI invasion, we infected mice via IP injection (Figure 3.6F). In line with the oral route,
IP infection caused G2A mice to succumb more rapidly than WT mice (Figure 3.6G). This was
also accompanied by more severe sickness behaviour and more rapid bodyweight loss (Figure
S3.4G-H). When viewed in line with our bacterial burden results, these data provide strong
evidence that AMPK myristoylation, and the chronic activation that results from its absence,

plays a key role in the systemic response to S.Tm infection.

Systemic activation and modulation of AMPK activity in circulating immune cells does not
affect S.Tm pathogenesis.

Seeing as the G2A mice displayed consistently more severe infections, we wondered if
this was due to elevated AMPK activity, or some other myristoylation-dependent effect. To
address this, we allosterically activated AMPK by gavage of MK-8722 three hours before initial

S.Tm-GFP infection on day 0, and then again on days 1, 2, and 3 (Figure 3.8A). Surprisingly,
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there was no trend towards greater bodyweight loss in the MK-8722-treated mice (Figure 3.8B).
There were no changes in bacterial burden in GI tissues such as the mesenteric lymph nodes,
cecum, and colon; however, in contrast with the G2A mice, there was also no change in systemic
burden in the liver, spleen, and bone marrow (Figure 3.8C). We observed similar bacterial
burden results in an IP infection model accompanied by daily IP dosing with MK-8722
(Supplemental Figure 3.6A-C). There were also no genotypic differences in endpoint blood
glucose levels, which is another indicator of disease severity ! (Supplemental Figure 3.6D). To
confirm these results, we subjected mice to an oral survival experiment using WT S.Tm
alongside oral MK-8722 administration on days 0, 1, and 2 (Figure 3.8D). Aligning with our
bacterial burden data, there was no effect of MK-8722 treatment on survival (Figure 3.8E). This
was also supported by mouse behavioural assessments, bodyweight changes, and fecal burden
(Supplemental Figure 3.7A-D). These data demonstrate that the chronic basal elevation in
AMPK activity in G2A mice differs from acute systemic activation with the allosteric activator,
MK-8722.

Since we observed elevated burden only in systemic tissues in G2A mice following oral
infection, we wondered if disrupting AMPK activity in circulating myeloid cells would affect
pathogenesis. Using a Cre-loxP system wherein we deleted Prkaal/2 (AMPK al and o2,
respectively) in LysM-expressing cells, which include monocytes, macrophages, and other innate
immune cells, we again subjected mice to an oral infection where survival was assessed (Figure
3.8F). Similar to the MK-8722 cohorts, we observed no changes in survival when mice lacked
AMPK activity in myeloid cells (Figure 3.8G). This tracked with wellness measures, bodyweight
loss, and fecal S.Tm burden (Supplemental Figure 3.7E-H). These data support a minimal role

for myeloid AMPK in regulating the systemic response to S.Tm infection.
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To understand potential differences between the chronic AMPK activation observed in
the G2A model and acute activation via MK-8722, we metabolites in G2ZA BMDM in the
uninfected and infected state. In the absence of infection, G2ZA BMDM exhibited comparable
increases to MK-8722-treated BMDM in the glycolytic metabolite DHAP in relation to WT
untreated cells (Table 3.4). This aligned with several other metabolites such as hypoxanthine and
creatine, suggesting that chronic and acute AMPK activation leads to similar metabolic
phenotypes in some pathways (Table 3.4). However, G2A cells exhibited clear changes in
nucleotide abundance, where most were part of purine or pyrimidine synthesis pathways (Figure
3.9C,D). Strikingly, nucleobases such as adenine and guanine were significantly lower in G2A
cells than WT, while there was a stepwise increase in relative metabolite levels going from
nucleotide monophosphate (NMPs) species to nucleotide diphosphate (NDPs), and finally to
nucleotide triphosphates (NTPs) (Figure 3.9E). This pattern aligns with nucleotide salvage
pathway induction, resulting in increased NTPs at the expense of salvageable bases such as
guanine and adenine. We also observed no changes in uracil, which was the only base detected
amongst the three bases that cannot be used in nucleotide salvage, those being uracil, cytosine,
and thymine>233, While these data are convincing, only uracil was significantly increased in
infected conditions relative to mock-infected cells, indicating that, at 6 hours post-infection, the
nucleotide pool as a whole is not changing significantly due to S.Tm (Table 3.1). This potentially
explains why there were fewer significantly changed metabolites in infected G2A macrophages
(Supplemental Figure 3.7A,B; Table 3.5). However, pyrimidine and purine metabolism remained
among the top enriched metabolite sets (Supplemental Figure 3.7C), aligning with mock-infected

cells (Supplemental Figure 3.7D,E).
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G2A mice developed infections more rapidly than WT mice, though this could have been
due to a combination of cell types in vivo. Therefore, we tested whether circulating immune
cells, and potentially their dysregulated nucleotide levels, played a role in our G2A phenotype by
performing reciprocal BMT experiments. We irradiated mice before transplanting either WT or
G2A bone marrow into G2A recipients, or WT or G2A bone marrow in WT recipients (Figure
3.9F). Aligning with our myeloid AMPK knockout experiment, we observed no change in
survival in G2A mice receiving WT bone marrow, or WT mice receiving G2A bone marrow
(Figure 3.9G,H). There were also no differences in bodyweight, wellness, and fecal S.Tm
measurements between the BMT groups (Supplemental Figure 3.8 A-G). It is worth noting that
while the two groups of BMT mice reached endpoint at similar times according to bodyweight
loss, the G2A recipient mice exhibited stronger sickness behaviour earlier in the infection,
aligning with prior cohorts (Supplemental Figure 3.8JB,E). Taken together, AMPK signaling in
the circulating immune component does not appear to play a meaningful role in the response to

S.Tm during oral infection.
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3.6 Discussion

In this study, we sought to better understand how AMPK activity shapes the innate
immune response to S.Tm. We observed that AMPK selectively suppresses 1/1b, 116, and 1112b at
the transcriptional level and IL-10 at the post-transcriptional level during S.Tm infection (Figures
1-3). These changes may be linked to the metabolic status of the cell, which exhibited lower
TCA cycle and elevated citrulline metabolite abundance (Figure 4). Ultimately, these changes
had little effect on pathogenesis within macrophages (Figure 5), though AMPK itself may be
post-translationally regulated early in the infection process or during phagocytosis (Figure 6).
During S.Tm infection in mice, chronic (Figure 7), but not acute (Figure 8) activation of AMPK
resulted in increased bacterial burden, though this was not dependent on myeloid cells but could
be related to changes in nucleotide metabolism (Figure 9).

The mechanism through which AMPK inhibits select inflammatory cytokine production
has remained unclear. The main differences we observed in our targeted assessment of core
inflammatory genes was decreased 1/1b, 116, and 1/12b transcription, of which 1//b transcription
is strongly inhibited by 2 hours post-infection, alongside elevated IL-10 protein levels. These
changes may be connected, as interferon signaling can inhibit ///b transcription in an IL-10-
dependent manner>**, Other IL-10-related cytokines such as IL-19/20/24 can also inhibitory //1b
transcription®*®, though we did not measure these cytokines directly. Despite the effect being
more obvious in LPS-stimulated conditions, AMPK activation seemed to increase early secretion
of TNF-a in addition to IL-10, independent of transcription. AMPK activity can trigger rapid
Golgi disassembly through phosphorylation of GBF 133638 However, this has been proposed to
slow anterograde trafficking®7->%, though this was not tested in macrophages. Considering how

the kinetics of cytokine transport through the trans-Golgi network can be a rate limiting step in
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cytokine secretion®, our data suggest that there may be a connection between AMPK-mediated
Golgi disassembly and the resulting changes in cytokine secretion. Additionally, HIF-1a
augments //1b transcription following succinate accumulation*?3, and we measured a significant
decrease in succinate levels following AMPK activation. While this could provide some link
between AMPK activity and ///b, it unlikely to entirely account for the strong suppressive effect
on I/1b levels at 2 hours post-infection. //6 and /12b transcript induction is highly dependent on
histone acetylation derived from increased glycolysis during LPS stimulation®%.
Mechanistically, ATP-citrate lyase-dependent acetyl-CoA generation from citrate in the cytosol

provides acetyl-CoA needed for histone acetylation®?*

. While we did not measure acetyl-CoA
species directly, citrate was significantly lower in AMPK activated conditions, potentially
providing a metabolic link to //6 and 7/12b transcript levels.

One of the most striking AMPK-dependent metabolic changes during S.Tm infection was
increased citrulline, which was accompanied a trending increase in NO production. Interestingly,
in contrast to our observations that Nos2 transcript levels increase with AMPK activation,

AMPK has been shown to prevent nuclear translocation of STAT1386

, which is a positive
regulator of Nos2 transcription. Additionally, treatment of macrophages with the non-specific
activators AICAR and metformin led to reduced nitrite levels and iNOS expression, further
supporting an inhibitory AMPK-iNOS axis>*!, though the opposite was observed in

315 and in

hepatocytes®*?. AMPK knockout models in both vascular smooth muscle cells
macrophages exposed to LPS? exhibit elevated STATI activity and increased iNOS protein
levels, again suggestive of a suppressive effect on STAT1. Why then might we be observing an

increase in Nos2 and nitrite levels following AMPK activation? Given that we did not observe

changes in Nos2 levels at 2 h post-infection, it suggests that the effect of AMPK on Nos2
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transcription is not direct, and would rule out rapid phosphorylation and prevention of STAT1
nuclear translocation®®®. Furthermore, our data demonstrates that Ass/ and Cxcl9, which are also
under STATI control, displays distinct kinetics relative to Nos2. Though the main regulators of
Nos? transcription are NF-kB and STAT1°%, it is also induced in part through NRF2, which can
bind to a Nos2 enhancer region and maintain an open chromatin conformation®**. AMPK directly
phosphorylates NRF2 at S550, potentially leading to increased nuclear accumulation®.
However, whether AMPK activation affects Nos2 transcript levels via NRF2 will have to be
determined experimentally.

Beyond potential Nos2 regulation, there are several other links between AMPK and
arginine metabolism. For one, AMPKa is S-Nitrosylated at C131, impairing sensitivity to
AMP>#, This presents a scenario where elevated cellular RNS suppresses AMPK activity,
generating a negative feedback loop to prevent overproduction of NO. Additionally, AMPK
knockout macrophages display not only dysregulated protein levels of iNOS, but also numerous
other arginine metabolism proteins and transporters*®>. Furthermore, citrulline is also one of the
most depleted endogenous metabolites during aging and has been traced, at least in part, due to

547

reduced Nos2 levels’*’. Given that AMPK activators have well established roles in supporting

348599 perhaps potentiation of citrulline levels could contribute to the anti-aging effect

longevity
of AMPK activity.

Phagocytosis is a dynamic, energetically costly process for macrophages. AMPK
activation downstream of E. coli or apoptotic thymocyte ingestion has been shown to increase
phagocytosis, though this work relied on AICAR and other non-specific AMPK activators>®,

However, experiments using myeloid AMPK knockout cells detected no differences in uptake of

phagocytic beads*?°. Nonetheless, a pro-phagocytic role would align with the mild increase in
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S.Tm+ macrophages we observed following allosteric AMPK activation. However, we did not
detect an increase in AMPK activity at any stage during S.Tm infection. On the other hand, the
observed shift in molecular weight was only detected when probing for pAMPKa-T172,
potentially due to steric hindrance preventing the total antibody from detecting the higher
molecular weight band. This could signify that AMPKa is phosphorylated at T172 early
following phagocytosis, but it is simultaneously modified to prevent downstream signaling.
Autophagic degradation of internalized cargo such as bacteria is an important host
defense mechanism, and is linked with autophagy through phagolysosomal fusion. AMPK is
now recognized to inhibit generalized autophagic and mitophagic induction under certain
circumstances including glucose starvation*'” and exposure to mitophagic stimuli*?° due to
inhibitory phosphorylation on ULK1. Since ULK1-mediated phosphorylation of ATG16L1 is

required for xenophagy*??

, it may be beneficial for macrophages to suppress AMPK activity to
enable xenophagy to progress uninterrupted. Our data using cross-kingdom phagocytic cargo
suggests that this could be a feature of xenophagy, regardless of origin, though whether other
phagocytic cargo also triggers this phenomenon remains to be seen.

The band shift was approximately 10 kDa, where a monoubiquitination or SUMOylation
event could potentially account for this shift. AMPKa is SUMOylated, which has an inhibitory
effect on its activity!’. Furthermore, macrophages express SUMO E3 ligase enzyme that targets
AMPK, PIAS4, alongside several other PIAS enzymes. Physiologically, this scenario could be
relevant if AMPK is active at the time of infection, for example if the host is in the fasted state.
Ultimately, further experiments will be required to ascertain the relevance of this modification on

AMPK function, though it could represent a general mechanism to suppress AMPK activity

during phagocytosis.
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It remains challenging to activate AMPK in vivo in physiological manner. We have
demonstrated that chronic AMPK overactivity led to increased S.Tm burden that was not
recapitulated by acute pharmacological activation. Other models have employed overexpression
of a truncated, constitutively active AMPKa>®!, or modulation of AMP binding to AMPK,
rendering it less sensitive to dephosphorylation and increasing AMPK activity>>2. The latter

>34 wherein

model has since been used in studies of pancreatic cancer>>? and diet induced obesity
application of an acute activator mimicked effects of the genetic overactivity modes. Our G2A
model represents a germline, whole body overactivity model that may have differing effects on
long term metabolism that cannot be replicated by cotreatment of an AMPK activator. While an
infinitely simpler system, our macrophage metabolomics data demonstrated that, compared to
allosterically activated macrophages, G2A cells exhibited a strong tendency towards elevated
nucleotide salvage. This may be due to RRM1 phosphorylation by AMPK, which has been
shown to support DNA repair mechanisms and prevent cell death>>°. Considering NO can cause

DNA damage including double stranded breaks>®

, G2A cells may be more resistant to
antibacterial cell death initiation owing to elevated NTP availability in vivo. Further
experimentation testing long term allosteric activator administration will be required to
determine if the effects observed in G2A mice are specific to reduced myristoylation or the
chronic overactivity.

Collectively, this work highlights several important regulatory nodes through which
forced activation of AMPK leads to altered abundance of metabolic intermediates in the TCA
cycle and arginine metabolism pathways during S.Tm infection, with implications on

transcriptional regulation of proinflammatory cytokines as well as pathogenesis at the organismal

level.
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3.7 Figures
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Figure 3.1: AMPK activation affects S.Tm-induced gene expression similar to LPS. (A) Schematic of
NF-kB-mediated inflammatory transcription. LPS triggers TLR4 while S.Tm activates TLR2/4/5/9 to
stimulate NK-kB activation, leading to primary and secondary response genes. (B) BMDM were treated
with the AMPK activator MK-8722 (2 uM) for 15 min before spiking in either LPS (100 ng/ml) or live S.Tm
(MOI 2) and centrifuging the plate, then incubating for a further 15 min. Cells were washed three times with
gentamicin-PBS (50 pug/ml) and media supplemented with high gentamicin (50 ug/ml) was added for 1.5h
before washing the cells again and replacing with low gentamicin media (10 pg/ml) for the indicated times.
Relative mRNA expression of (B) Tnf, (C) //6, and (D) //10 at 2, 6, and 24h post infection. Data represented
as mean  SD. P values calculated using a repeated measures two-way ANOVA with Tukey’s post hoc test
and reported to the fourth decimal. Conditions with P<0.05 for both LPS and S.Tm indicated with an

asterisk. Data are representative of two independent experiments (n=4 per group).
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Figure 3.2: AMPK activation modulates S.Tm-induced cytokine secretion similar to LPS. (A) BMDM
were treated with the AMPK activator MK-8722 (2 uM) for 15 min before spiking in either LPS (100 ng/ml)
or live S.Tm (MOI 2) and centrifuging the plate, then incubating for a further 15 min. Cells were washed
three times with gentamicin-PBS (50 ug/ml) and media containing MK-8722 or DMSO supplemented with
high gentamicin (50 pg/ml) was added for 1.5h before washing the cells again and replacing with low
gentamicin media (10 pug/ml) for the indicated times. Supernatant cytokine concentrations of (A) TNF-q, (B)
IL-6, and (C) IL-10 at 2, 6, and 24h post infection. Data represented as mean + SD. P values calculated
using a repeated measures two-way ANOVA with Sidak’s post hoc test and reported to the fourth decimal.
Conditions with P<0.05 for both LPS and S.Tm indicated with an asterisk. Data are representative of two
independent experiments (n=4 per group).
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Figure 3.3: AMPK activation in macrophages suppresses select proinflammatory cytokines at early
and late stages of infection. (A) Schematic of experiment: BMDM were activated with MK-8722 (2 uM) or
equivalent DMSO (0.05%) for 15 min prior to spiking in S.TM-GFP (MOI 10), centrifuging the plate, then
incubating for 15 min. Cells were washed three times with gentamicin-PBS (50 ug/ml) and media containing
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MK-8722 or DMSO supplemented with high gentamicin (50 ug/ml) was added for 1.5h before washing the
cells again and replacing with low gentamicin media (10 pg/ml) for the indicated times. Relative mRNA
expression of (B) Tnf, (C) ll1b, (D) 16, (E) 1l12b, (F) Edn1, (G) Nfkbiz, (H) l/10, and (I) Acod1 at 2, 6, 12,
and 24h post infection. (J) Relative Log: fold change in mRNA levels due to MK-8722 treatment for data
shown in (B-l). Data represented as mean * SD. P values calculated using a two-way repeated measures
ANOVA with Sidak’s post hoc test and reported to the fourth decimal. Conditions with P<0.05 are coloured
in green in (J). Data are representative of two independent experiments for (B-D,H) and one independent
experiment for (E-G,l) with n=3 per group.
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Figure 3.4: AMPK activation alters TCA cycle metabolites and arginine metabolism in infected
macrophages. (A) Schematic of experiment: BMDM were activated with MK-8722 (2 uM) or equivalent
DMSO (0.05%) for 30 min prior to spiking in S.Tm-GFP (MOI 10) for 20 min. Cells were washed three times
with gentamicin-PBS (50 pg/ml) and media containing MK-8722 or DMSO supplemented with high
gentamicin (50 pg/ml) was added until 6h post infection. (B) Volcano plot depicting most altered metabolites
between vehicle and MK-8722-treated infected cells. (C) Schematic of the TCA cycle and detected
metabolites, with green signifying significantly lower levels in MK-8722-activated conditions. (D) Log: fold
change in TCA cycle metabolites relative to vehicle infected conditions. (E) Schematic of the arginine
metabolism pathway, with green and red signifying significantly lower and higher levels in MK-8722
activated conditions, respectively. (F) Logz fold change in arginine-related metabolites relative to vehicle-
treated infected conditions. (G) Supernatant nitrite levels determined by Griess assay from BMDM infected
with S.Tm (MOI 10) as described above. (H-J) Relative mRNA levels of (H) Nos2, (I) Ass1, and (J) Cxcl9
at 2, 6, 12, and 24h post-infection. (K) Relative Logz fold change in mRNA levels between MK-8722 and
vehicle-treated conditions. Data represented as mean + SD in (D,F-K), or a volcano plot (B). Volcano plot
raw P-value threshold was set to 0.05 and absolute fold change to 1.25. P values calculated using a paired,
two-tailed Welch'’s t-test (B,D,F), where P<0.05 = *, P<0.01 = **, or a repeated measures two-way ANOVA
with Sidak’s post hoc test (H-J). Data are representative of one independent experiment (n=3-4 per group).

156



FSC-A

v)

MIQ]

M[LPS]

® Mock

@ S.Tm-CytoD

o S.Tm-DMSO

® S.Tm-8722

o S.Tm-DMSO

® S.Tm-8722

250K
200K
150K 1
100K 1
50K

15'

0.3%

8.5%

58.3%

72.6%

89.9%

86.7%

250K 4
200K 4
150K 4
100K 4
50K 1

0.3%

4.0%

16.7%

19.0%

48.8%

45.0%

wrT

250K 4
200K 4
150K 4
100K 4
50K 4

0.8%

1.9%

4.2%

5.6%

21.2%

15.7%

100

75+

T

S.Tm-GFP

M[0]

0 10° 10% 10°

"0 10 104 10°

0

10° 10° 10°

0

10° 10° 10°

10° 10 10° 0O

10° 10* 10°

MILPS]

15'

0.7040

0.0315

M[0]

MILPS]

N

M[O0]

MILPS]

@
o

6h

D
o
1

N
=
|

24h

0.0032

3]

108

>

0.1168

[ R R

0.4648

E@)

3 | .

o %%
8—0.

104 10°

N

o
|

N

o
|

]

CFU/ml

50
0.8500

—
o®

N
o
1
©
1

Ll

25+

GFP+ BMDM (freq. of live)
GFP+ BMDM (freq. of live)
w

GFP+ BMDM (freq. of live)

@
L T e
STm — + + + + +

CytoD — + = = — -
MK-8722 - - — + - +

rLe®
STm - + + + + +

CytoD — + - — — -
MK-8722 — - — + - +

104

0- 108
STm - + + + + +
CytoD - + — - — -

MK-8722 - - — + — +

T T
S5
&

Figure 3.5: AMPK activation mildly affects S.Tm burden in macrophages. (A) Representative flow
cytometry plots of live, singlet GFP+ BMDM. Naive (M[0]) or LPS-polarized (M[LPS]; 100 ng/ml for 18h)
BMDM were pretreated with MK-8722 (2 uM), cytochalasin D (10 uM; CytoD), or equivalent DMSO (0.05%)
for 15 min prior to spiking in S.Tm-GFP (MOI 10), centrifuging the plate, then incubating for 15 min. Cells
were washed three times with gentamicin-PBS (50 pug/ml) and media containing MK-8722, CytoD, or DMSO
was supplemented with high gentamicin (50 pyg/ml) and added for 1.5h. After a final wash, media was
replaced with low gentamicin media (10 pg/ml) with MK-8722 or DMSO for the indicated times.
Quantification of GFP+ BMDM cells at (B) 15 min, (C) 6h, and (D) 24h post-infection. Bacterial burden from
naive BMDM treated as above for 6h, but with additional BI-9774 (10 uM) or AICAR (200 uM) conditions.
Data represented as individual points with mean + SD in (B-D) and median (E). P values calculated using
a one-way ANOVA followed by Tukey’s post hoc test (B-D; E (right)), and a paired, two-tailed Student’s t-
test. Data representative of two independent experiments (B-D) or one independent experiment (E).
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Figure 3.6: S.Tm infection does not acutely increase AMPK activity, but does produce a high
molecular weight banding pattern partially dependent on phagocytosis. (A) Schematic of experiment:
S.Tm was spiked in (MOI 2) to BMDM cultured in RPMI. After 20 min, extracellular bacterial were washed
out three times with gentamicin-PBS (50 ug/ml) and media was replaced with RPMI with high gentamicin
(50 pg/ml). For timepoints beyond 2h, cells were washed a second time and media replaced with RPMI and
low gentamicin (10 pg/ml). (B) Immunoblots of AMPK and mTORC1 signaling targets. (C) Schematic of
experiment: same as in (A), but MK-8722 (2 uM) was added 15 min before spiking in S.Tm (MOI 2). (D)
Immunoblots of AMPK and mTORC1 signaling over short time periods post infection. (E) Schematic of
experiment: same as in (A), except BMDM were pretreated for 15 min prior to infection with S.Tm (MOI 2)
or exposure to heat-killed S.Tm (MOI 2) with AMPK activators including aldometanib (5 uM; Aldo), MK-
8722 (2 uM; 8722), AICAR (200 uM), rotenone (5 uM; Rot), BI-9774 (10 uM; 9774), and ionomycin (10 uM;
lono). Immunoblots of AMPK and mTORC1 signaling targets 1h post infection. (F) Immunoblots of AMPK
and mTORC1 signaling following a 15 min pretreatment with MK-8722 (2 yM) followed by 1h S.Tm infection
or exposure to heat killed S.Tm at MOI 2. (G) Schematic of experiment: same as in (A), except MK-8722
(2 uM) or cytochalasin D (10 uM; CyD) were added to cells before addition of live or heat killed S.Tm at an
MOI of 4 for 20 min before washing away extracellular bacteria. (H,l) Immunoblots of AMPK and mTORC1
signaling targets. (J) Schematic of experiment: same as in (A), except BMDM were treated with MK-8722
(2 pM) or cytochalasin D (10 uyM) for 15 min before spiking in heat killed S.Tm (MOI 4), zymosan A
bioparticles (MOI 4), or Staphylococcus aureus bioparticles (MOI 4) for 20 min followed by washing away
particles and replacing with RPMI for a further 45 min. (K) Immunoblots of AMPK and mTORC1 signaling
targets. (L) Proposed model: phagocytosis of a broad range of cargo generates a signaling response
leading to a transient modification of AMPKa that is only detectable around 1h post initial uptake. This
modification affects phosphorylated AMPKa, which can be augmented by preactivation of AMPK either
using an allosteric activator, or under nutrient conditions that activate AMPK (low glucose, high AMP levels,
etc). Immunoblots are representative of three biological replicates (B,E,H,I,K), or contain three biological
replicates on the same blot (F).
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Figure 3.7: Mice lacking AMPK myristoylation have increased S.Tm burden in systemic tissues and
succumb to infection more rapidly. (A) Schematic of experiment: 6-10 week old WT (n=17 in (B) and
n=11 in (C)) or G2A knock-in (n=13 in (B) and n=8 in (C)) mice were gavaged with streptomycin (20 mg)
24h before oral inoculation with S.Tm-GFP (5x107 CFU) or PBS and harvested at day 5. (B) Percent change
in bodyweight and at harvest on day 5. (C) S.Tm bacterial burden (CFU/g) in gastrointestinal (cecum, colon,
ileum) or systemic (liver, spleen, bone marrow (CFU/leg)) tissues. (D) Schematic of experiment: 6-10 week
old WT (n=9) or G2A knock-in (n=8) mice were infected as in (A) except that WT S.Tm was used instead
of S.Tm-GFP. Mice were considered at endpoint when reaching either 20% bodyweight loss or a
predetermined symptom cutoff. (E) Survival curve. (F) Schematic of experiment: 6-10 week old WT (n=7)
or G2A knock-in (n=8) mice were inoculated intraperitoneally with S.Tm (1x10* CFU). (G) Survival curve.
Data represented as mean + SD in (B), individual values with a solid line at the median (B,C), or Kaplan-
Meier curves (E,G). P values calculated using a one-way ANOVA with Tukey’s post-hoc test for (B), an
unpaired, two-tailed Mann-Whitney U test for (C), and a two-sided log-rank (Mantel-Cox) test for (E,G).
Data are representative of three (B) or two (C,E,G) pooled independent experiments with at least an n=3
per group.
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Figure 3.8: Acute pharmacological AMPK activation does not affect S.Tm infection. (A) Schematic of
experiment: 6-10 week old WT C57BL/6J mice were gavaged with streptomycin (20 mg) 24h before gavage
with MK-8722 (10 mg/kg; n=8) or vehicle (n=9). Three hours later, mice were inoculated with S.Tm-GFP
(5x107 CFU) or PBS. MK-8722 treatments were repeated on day 1, 2, and 3 and mice were euthanized on
day 5 post-infection. (B) Percent change in bodyweight and at harvest on day 5. (C) S.Tm bacterial burden
(CFU/g) in gastrointestinal (mesenteric lymph nodes, cecum, colon) or systemic (liver, spleen, bone marrow
(CFUlleq)) tissues. (D) Schematic of experiment: 6-10 week old mice were infected as described in (A) with
either vehicle (n=5) or MK-8722 (n=4), but with wild-type S.Tm and MK-8722 treatments on day O, 1, and
2. Mice were euthanized when reaching either 20% bodyweight loss or a predetermined symptom cutoff.
(E) Survival curve. (F) Schematic of experiment: 12 week old Cre"Y*MPrkaa1/2"" (n=4) or Prkaa1/2"" (n=3)
were gavaged with streptomycin (20 mg) 24h before oral inoculation with wild-type S.Tm (5x107 CFU). (G)
Survival curve. Data represented as mean £ SD in (B), individual values with a solid line at the median
(B,C), or Kaplan-Meier curves (E,G). P values calculated using a one-way ANOVA with Tukey’s post-hoc
test for (B), an unpaired, two-tailed Mann-Whitney U test for (C), and a two-sided log-rank (Mantel-Cox)
test for (E,G). Data are representative of two (B,C) or one (E,G) independent experiment with at least an
n=3 per group.
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Figure 3.9: The immune compartment does not contribute to G2A infection, despite significant
alterations in basal macrophage nucleotide metabolism. (A) Schematic of experiment: WT and G2A
BMDM were mock infected for 20 min before washing cells three times with gentamicin-PBS (50 ug/ml)
and adding media supplemented with high gentamicin (50 pug/ml) until 6h post infection. (B) Volcano plot
depicting most altered metabolites between uninfected WT and G2A BMDM. (C,D) Schematic of (C)
pyrimidine and (D) purine metabolic pathways, with green and red metabolites signifying significantly lower
or higher levels in G2A cells, respectively. Yellow arrows indicate steps involved in nucleotide salvage. (E)
Logz fold change in nucleotide-related metabolites relative to WT cells. (F) Schematic of experiment: 7
week old WT (n=7) and G2A (n=8) mice were lethally irradiated with two doses of 4.5 Gy of X-ray radiation
before transferring 5x10° whole bone marrow cells from either WT or G2A donors via tail vein injection.
Following 8 weeks of recovery, mice were gavaged with streptomycin (20 mg) 24h before oral inoculation
with wild-type S.Tm (5x107 CFU). (G,H) Survival curves. Data represented as mean + SD in (E), volcano
plot in (B), or Kaplan-Meier curves (G,H). Volcano plot raw P-value threshold was set to 0.05 and absolute
fold change to 1.25. P values calculated using an unpaired, two-tailed Welch’s t-test (B,E), or a two-sided
log-rank (Mantel-Cox) test for (G,H). Bars highlighted in green or red if P<0.05 in (E). Data are
representative of one independent experiment with n=3-4 per group.
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Supplemental Figure 3.1: AMPK activation with AICAR broadly suppresses proinflammatory
cytokines at early and late stages of infection. (A) Schematic of AICAR versus MK-8722 mode of
activation. (B-F) BMDM were activated with MK-8722 (2 uM), AICAR (200 pM), or equivalent DMSO
(0.05%) for 15 min prior to spiking in S.Tm-GFP (MOI 10), centrifuging the plate, then incubating for 15 min.
Cells were washed three times with gentamicin-PBS (50 ug/ml) and media containing MK-8722 or DMSO
supplemented with high gentamicin (50 pg/ml) was added for 1.5h before washing the cells again and
replacing with low gentamicin media (10 pg/ml) for the indicated times. Relative mRNA expression of (B)
Tnf, (C) II6, (D) Acod1, (E) 1110, and (F) li1b at 2, 6, 12, and 24h post infection. Data represented as mean
+ SD. Data are representative of two (DMSO and MK-8722) or one (AICAR) independent experiments.
Note: DMSO and MK-8722 conditions are the same as in Figure 3.3.
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Supplemental Figure 3.2: Metabolic effects of S.Tm infection and AMPK activation. (A,B) BMDM were
infected with S.Tm for 20 min before washing cells three times with gentamicin-PBS (50 pg/ml) and
replacing with high gentamicin RPMI (50 pg/ml) was added until 6h post infection. (A) Volcano plot depicting
most altered metabolites between uninfected and infected BMDM. (B) KEGG pathway enrichment analysis
of most altered metabolite sets for (A). (C-G) BMDM were activated with MK-8722 (2 uM) or equivalent
DMSO (0.05%) for 30 min prior to repeating conditions as in (A) in the absence of bacteria. (C) Volcano
plot depicting most altered metabolites between DMSO and MK-8722-treated in uninfected BMDM. (D)
KEGG pathway enrichment analysis of most altered metabolite sets for (C). Logz fold change in (E)
Glycolytic, (F) TCA cycle and (G) arginine metabolism metabolites relative to vehicle conditions. (H) KEGG
pathway enrichment analysis for samples pretreated with either MK-8722 or DMSO and then infected with
S.Tm for 6h (related to Figure 3.4). Data represented as mean = SD in (E-G), volcano plot (A,C), or
enrichment plot (B,D,H). Volcano plot raw P-value threshold was set to 0.05 and absolute fold change to
1.25. P values calculated using a paired, two tailed Student’s t-test (E-G), where P<0.05 = *, P<0.01 = **.
Data are representative of one independent experiment (n=4 per group).
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Supplemental Figure 3.3: AMPK modification is specific to the a subunit and does not depend on
live virulence mechanisms of S.Tm. (A) BMDM were pretreated for 15 min with AMPK activators
including aldometanib (5 uM; Aldo), MK-8722 (2 uM; 8722), AICAR (200 uM), rotenone (5 uM; Rot), BI-
9774 (10 uM; 9774), and ionomycin (10 uM; lono). S.Tm (MOI 2) or heat-killed S.Tm (MOI 2), was spiked
in for 20 min, then extracellular bacterial were washed out three times with gentamicin-PBS (50 pg/ml) and
media was replaced with RPMI with high gentamicin (50 pug/ml) for a further 45 min. (B) Same as in (A),
except BMDM were only pretreated with MK-8722 (2 uM), and heat killed S.Tm, AinvA S.Tm, and WT S.Tm
(all MOI 2) were spiked in for 20 min. Immunoblots are representative of three biological replicates.
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Supplemental Figure 3.4: G2A mice display greater systemic inflammatory indicators. (A)
Bodyweights of male G2A mice at 8 weeks of age (n=13 WT and n=10 G2A). (B-F) 6-10 week old WT or
G2A knock-in mice were gavaged with streptomycin (20 mg) 24h before oral inoculation with S.Tm-GFP
(5x107 CFU) or PBS and harvested at day 5. (B) Representative images of colon and cecum in naive and
infected mice (scale bar = 1 cm). Colon length in cm (C) and normalized to bodyweight (D). (E) Fecal S.Tm
burden by day. (F) Relative mRNA levels of inflammatory genes in the spleen (left) and liver (right). Data
represented as individual values with mean + SD in (A,C,D), geometric mean = geometric SD (E), or
individual values with median (F). P values calculated using a one-way ANOVA with Tukey’s post hoc test
(C,D), a mixed-effects model with Sidak’s post hoc test (E), an unpaired, two-tailed Mann-Whitney U test
(F — spleen: Il1b, 1I6, Cxcl1, 1110; liver: Cxcl1, lI17a), and an unpaired, two-tailed Student’s t-test (A,F — all
other genes). Data are representative of three (A) or two (C-F) pooled independent experiments with at
least an n=3 per group.
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Supplemental Figure 3.5: S.Tm induces mortality more rapidly in G2A mice. (A) Schematic of
experiment: 6-10 week old WT (n=6) and G2A knock-in (n=5) mice were gavaged with streptomycin (20
mg) 24h before gavage with S.Tm-GFP (5x107 CFU) or PBS. Bodyweights and wellness measures were
recorded daily until reaching either 20% bodyweight loss or a predetermined wellness cutoff. (B) Survival
curve, (C) wellness measures, and (D) percent change in bodyweight. (E) Schematic of experiment: same
as in (A), WT (n=9) and G2A (n=8) mice were inoculated with wild-type S.Tm (5x10” CFU). (F) Wellness
measures, (G) percent change in bodyweight, and (H) fecal S.Tm 24h after inoculation. (I) Schematic of
experiment: WT (n=7) or G2A (n=8) mice were inoculated intraperitoneally with S.Tm (1x10* CFU). (J)
Wellness measures, or (K) percent change in bodyweight. Data represented as Kaplan-Meier curves (B),
curves representing mean (thick lines) + SD (dotted lines) (C,D,F,G,J,K), or individual values with median
(H). P values calculated using a two-sided log-rank (Mantel-Cox) test for (B), or an unpaired, two-tailed
Mann-Whitney U test (H). Data are representative of one (A-D) or two (E-K) independent experiments.
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Supplemental Figure 3.6: Systemic MK-8722 administration or myeloid AMPK signaling has minimal
effect on survival. (A) Schematic of experiment: 10-12 week old WT mice were administered
intraperitoneally MK-8722 (10 mg/kg; n=5)) or vehicle (n=5) 3h before inoculation with S.Tm-GFP (1x10*
CFU). (B) Percent change in bodyweight. (C) S.Tm burden by tissue, where BM is in CFU/hind limb and
blood is in CFU/mI. (D) Blood glucose at endpoint. (E) Schematic of experiment: 9-12 week old WT mice
were gavaged with streptomycin (20 mg) 24h before gavage with MK-8722 (10 mg/kg; n=5) or vehicle (n=4).
Three hours later, mice were inoculated with S.Tm (5x107 CFU) or PBS. MK-8722 treatments were repeated
on day 1 and 2, and mice were euthanized at humane endpoint. Bodyweights and wellness measures were
recorded daily until reaching either 20% bodyweight loss or a predetermined wellness cutoff. (F) Wellness
measures, (G) percent change in bodyweight, and (H) S.Tm burden in feces 24h after infection. ()
Schematic of experiment: Prkaa1/2"" (n=4) or Cre“*MPrkaa1"™ mice (n=3) were infected as in (A). (J)
Wellness measures, (K) percent change in bodyweight, and (L) S.Tm burden in feces 24h after infection.
Data represented as mean + SD (B), individual values and mean + SD (D), individual values and median
(C,H,L), or curves representing mean (thick lines) + SD (dotted lines) (F,G,J,K). P values calculated using
an unpaired, two-tailed Mann-Whitney U test (C,H,L) or a one-way ANOVA with Tukey’s post hoc test (D).
Data are representative of one independent experiment.
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Supplemental Figure 3.7: Additional infection severity measures for AMPK activity-modulating
cohorts. (A) Schematic of experiment: WT and G2A BMDM were infected with S.Tm for 20 min before
washing cells three times with gentamicin-PBS (50 pg/ml) and adding media supplemented with high
gentamicin (50 pg/ml) until 6h post infection. (B) Volcano plot depicting most altered metabolites between
infected WT and G2A BMDM. (D) KEGG pathway enrichment analysis of most altered metabolite sets for
(B). (D) Schematic of experiment: same as in (A), but in the absence of S.Tm. (E) KEGG pathway
enrichment analysis of most altered metabolite sets between uninfected WT and G2A BMDM. Data
represented as a volcano plot (B), or enrichment plot (C,E). Volcano plot raw P-value threshold was set to
0.05 and absolute fold change to 1.25. P values calculated using an unpaired, two-tailed Welch'’s t-test (B).
Data are representative of one independent experiment (n=4).
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Supplemental Figure 3.8: Circulating immune cells do not significantly contribute to the response
to S.Tm. (A) Schematic of experiment: 7 week old WT (n=7) and G2A (n=8) mice were lethally irradiated
with two doses of 4.5 Gy of X-ray radiation before transferring 5x10° whole bone marrow cells from either
WT or G2A donors via tail vein injection. Following 8 weeks of recovery, mice were gavaged with
streptomycin (20 mg) 24h before oral inoculation with wild-type S.Tm (5x107 CFU). (B,E) Wellness
measures, (C,F) percent change in bodyweight, (D,G) S.Tm burden in feces 24h after infection. Data
represented as individual values and median (D,G), or curves representing mean (thick lines) + SD (dotted
lines) (B,C,E,F). P values calculated using an unpaired, two-tailed Mann-Whitney U test (D,G). Data are
representative of one independent experiment.
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Table 3.1: Metabolite changes in uninfected versus infected cells.

Increased Metabolites P value® Fold Change log2FC
L-Arginine 8.86E-05 3.7915 1.9228
Lactic acid 0.0003 3.8494 1.9446
Glutamic acid 0.0010 1.7380 0.7974
Pyruvic acid 0.0013 2.8139 1.4925
Fumaric acid 0.0014 4.6126 2.2056
Uracil 0.0015 2.9959 1.5830
Succinic acid 0.0017 5.5417 24703
Malic acid 0.0018 3.5069 1.8102
4-Hydroxyproline 0.0021 4.0126 2.0045
Citrulline 0.0022 5.5632 2.4759
Creatine 0.0023 1.2004 0.2635
Itaconic acid 0.0026 23.5301 4.5564
Homocitric acid 0.0028 2.6214 1.3904
Pantothenic acid 0.0030 1.6809 0.7492
Isoleucine 0.0031 1.8177 0.8621
UDP-glucuronic acid 0.0036 1.8107 0.8565
Oxoglutaric acid 0.0042 1.9383 0.9548
Aminoadipic acid 0.0043 4.0787 2.0281
Pyroglutamic acid 0.0067 1.8147 0.8597
D-Ribose 5-phosphate 0.0068 1.8939 0.9213
2-Hydroxyglutarate 0.0089 2.0033 1.0024
Erythronic acid 0.0099 2.3411 1.2272
Glyceric acid 0.0110 3.0310 1.5998
L-Valine 0.0115 1.8459 0.8843
Phosphoglyceric acid 0.0116 6.6631 2.7362
Dihydroxyacetone phosphate 0.0116 14.0634 3.8139
2-deoxy-D-ribose 0.0122 4.4290 2.1470
Methionine 0.0145 1.4521 0.5382
Bisphosphoglyceric acid 0.0147 7.8499 29727
Serine 0.0147 1.7447 0.8030
D-Ribulose 5-phosphate 0.0154 2.0896 1.0633
Glutathione 0.0231 1.5615 0.6430
Fructose-1,6-bisphosphate 0.0240 9.1758 3.1978
UDP-glucose 0.0248 1.5612 0.6426
L-Dihydroorotic acid 0.0254 2.0525 1.0373
Nicotinamide riboside 0.0261 1.8511 0.8884
S-Adenosylhomocysteine 0.0284 1.3117 0.3914
Oxidized glutathione 0.0284 2.2966 1.1995
Fructose-6-phosphate 0.0300 2.1847 1.1274
Orotic acid 0.0348 3.0333 1.6009
Xylulose 5-phosphate 0.0353 2.9974 1.5837
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Proline 0.0371 3.5477 1.8269
L-Alanine 0.0412 1.4901 0.5754
Leucine 0.0435 1.2235 0.2910
Glucose 0.0441 1.7275 0.7887
Decreased Metabolites P value® Fold Change log2FC
L-Carnitine 9.41E-05 0.3933 -1.3463
Uric acid 0.0095 0.6351 -0.6550
TMP 0.0279 0.4681 -1.0952
Alanylglutamine 0.0322 0.7727 -0.3720

@P values calculated using a paired, two-tailed Welch's t-test.
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Table 3.2: Metabolite changes in uninfected BMDM treated with MK-8722.

Increased Metabolites P value?® Fold Change log2FC
UDP 0.0009 1.1883 0.2489
Erythronic acid 0.0030 2.2204 1.1508
Hypotaurine 0.0032 1.0890 0.1230
L-Alanine 0.0044 1.4116 0.4973
4-Hydroxyproline 0.0068 1.3796 0.4643
Creatine 0.0068 1.4541 0.5402
Dihydroxyacetone phosphate 0.0069 2.4123 1.2704
L-Carnitine 0.0092 1.2492 0.3210
Citric acid 0.0180 1.0992 0.1364
Lactic acid 0.0186 2.0204 1.0146
2-Hydroxyglutarate 0.0198 1.4819 0.5674
Aminoadipic acid 0.0211 1.3409 0.4233
Itaconic acid 0.0255 1.3081 0.3874
Glyceric acid 0.0257 1.8473 0.8855
Pyruvic acid 0.0301 1.3629 0.4467
Malic acid 0.0316 1.5832 0.6628
Fructose-1,6-bisphosphate 0.0348 2.2578 1.1749
Pantothenic acid 0.0450 1.4249 0.5108
Glutamic acid 0.0468 1.1711 0.2279
Decreased Metabolites P value?® Fold Change log2FC
Hypoxanthine 0.0158 0.4252 -1.2339
Glutathione 0.0413 0.8531 -0.2292
Deoxyribose 5-phosphate 0.0438 0.6305 -0.6654
L-Aspartic acid 0.0478 0.7110 -0.4921
Guanine 0.0485 0.6184 -0.6934

@P values calculated using a paired, two-tailed Welch's t-test.
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Table 3.3: Metabolite changes in infected BMDM with MK-8722 treatment.

Increased Metabolites P value?® Fold Change logoFC
Citrulline 0.0017 1.9254 0.9451
D-Ribose 5-phosphate 0.0449 1.3322 0.4138
Fructose-6-phosphate 0.0234 1.2824 0.3588
N-Acetylserine 0.0373 1.2113 0.2766
4-Hydroxyproline 0.0012 1.1824 0.2417
Decreased Metabolites P value?® Fold Change log2FC
Citric acid 0.0008 0.7184 -0.4772
Malic acid 0.0045 0.6438 -0.6353
Succinic acid 0.0053 0.6993 -0.5161
Orotic acid 0.0057 0.6602 -0.5990
Fumaric acid 0.0060 0.7267 -0.4606
Deoxyribose 5-phosphate 0.0077 0.8039 -0.3150
L Arginine 0.0103 0.7948 -0.3313
UDP-glucose 0.0213 0.8141 -0.2967
L-Aspartic acid 0.0238 0.6889 -0.5376
UDP-glucuronic acid 0.0266 0.7322 -0.4496
Xanthine 0.0317 0.5342 -0.9046
Homocitric acid 0.0324 0.8107 -0.3028
NAD 0.0419 0.8190 -0.2881

@P values calculated using a paired, two-tailed Welch'’s t-test.
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Table 3.4: Metabolite changes in uninfected WT versus G2A BMDM.

Increased Metabolites P value?® Fold Change log2FC
GDP 0.0023 1.9047 0.9295
CDP 0.0057 1.6566 0.7283
Carnosine 0.0064 2.3230 1.2160
UTP 0.0084 2.4879 1.3149
dCTP 0.0124 7.6227 2.9303
Dihydroxyacetone phosphate 0.0177 2.6569 1.4097
CTP 0.0199 6.3963 2.6772
TDP 0.0214 2.2905 1.1956
GTP 0.0223 7.2524 2.8585
ADP 0.0224 2.4421 1.2881
Creatine 0.0448 1.4534 0.5394
IMP 0.0473 1.8692 0.9024
ATP 0.0483 10.1987 3.3503
Decreased Metabolites P value?® Fold Change log2FC
Uric acid 0.0058 0.6256 -0.6768
L-Threonine 0.0081 0.6526 -0.6157
CMP 0.0128 0.5599 -0.8366
UMP 0.0218 0.5273 -0.9233
TMP 0.0219 0.6823 -0.5515
Acetylglycine 0.0359 0.6574 -0.6051
Xanthosine 0.0378 0.7286 -0.4567
Adenine 0.0382 0.1373 -2.8650
Thymidine 0.0403 0.2694 -1.8922
Serine 0.0493 0.7145 -0.4849

4P values calculated using an unpaired, two-tailed Welch’s t-test.
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Table 3.5: Metabolite changes in infected WT versus G2A BMDM.

Increased Metabolites P value?® Fold Change log2FC
ADP 0.0384 2.2661 1.1802
GDP 0.0338 1.6942 0.7606
CDP 0.0468 1.6290 0.7040
Creatine 0.0211 1.4957 0.5808
Deoxyuridine 0.0254 1.4701 0.5560
Decreased Metabolites P value?® Fold Change log2FC
Glucose 0.0446 0.4940 -1.0173

@P values calculated using an unpaired, two-tailed Welch's t-test.
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Supplemental Table 3.1: Antibodies and dyes.

Antibody Source Company CAT
ACC Rabbit Cell Signaling Technology 3662
pACC-S79 Rabbit Cell Signaling Technology 3661
AMPKa Rabbit Cell Signaling Technology 2532
pPAMPKa-T172 Rabbit Cell Signaling Technology 2535
S6 Rabbit Cell Signaling Technology 2217
pS6-S235/236 Rabbit Cell Signaling Technology 2211
B-actin Rabbit Cell Signaling Technology 5125
AMPK 31/2 Rabbit Cell Signaling Technology 4150
AMPK y1 Rabbit Abcam ab32508
Zombie aqua N/A BioLegend 423101
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Supplemental Table 3.2: Primers used in RT-qPCR.

Target (mouse) Forward (5'-3") Reverse (5'-3")
Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
111b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCGGTCAACT
116 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
1112b AGCACTAGTTTCAACACCAAGAAA CCCAGCCTTTCAAAATTCTTT
Edn1 TCCTTGATGGACAAGGAGTGT CCCAGTCCATACGGTACGA
Nfkbiz TATCGGGTGACACAGTTGGA TGAATGGACTTCCCCTTCAG
110 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
Acod1 GCAACATGATGCTCAAGTCTG TGCTCCTCCGAATGATACCA
Nos2 TACTGAGACAGGGAAGTCTGAA AGTAGTTGCTCCTCTTCCAAGGT
Ass1 ACACCTCCTGCATCCTCGT GCTCACATCCTCAATGAACACCT
Cxcl9 TGAAATCATTGCTACACTGAAG TTTGGCTGATCTTCTTTTCCCA
Ifng ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC
I117a TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC
Cxcl1 ATGGCTGGGATTCACCTCAAG ACTTGGGGACACCTTTTAGCA
Hprt1 TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
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Chapter 4: AMPK myristoylation affects its protein stability
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4.2 Abstract

Background and Aims

AMPK is a multifaceted regulator of metabolism that requires time and localization-dependent
signaling to transmit nutrient cues. Myristoylation describes the attachment of a 14-carbon fatty
acid chain to glycine residues of target proteins and can affect subcellular localization and
function. The B subunits are myristoylated at the N-terminal glycine residues (G2) by the enzyme
NMT1. Myristoylation has been shown to affect AMPK subcellular localization and activity, as
well as its protein stability, though the latter effect remains understudied. We interrogated the
impact of known protein stability regulators using pharmacological and genetic models reducing
endogenous AMPK myristoylation.

Methods

WT and AMPK B1/B2 G2A knock-in mouse embryonic fibroblasts (MEFs) and mice, which lack
the AMPK myristoylation site, were used to investigate protein stability parameters of AMPK.
Results

Cells either expressing a non-myristoylatable version of AMPK B or treated with the
myristoyltransferase inhibitor IMP-1088 had reduced protein levels of AMPK subunits,
particularly the y subunit without affecting mRNA levels. Subsequent treatment with the
proteasome inhibitor MG132 or translation inhibitor cycloheximide failed to consistently alter

AMPK protein levels. siRNA-mediated knockdown of proposed myristoylation-dependent E3
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ubiquitin ligases ZYG11B and ZER1 had no effect on AMPK protein subunit level. In G2A
mice, protein levels were significantly lower and differed depending on tissue type.
Conclusions

It remains unclear which mechanism generates faster turnover of AMPK protein levels when
non-myristoylated. However, our results suggest that previously suspected ubiquitin proteasome

regulators are not key players in myristoylation-dependent AMPK protein stability.

4.3 Introduction

AMPK signaling is dependent on time, space, and protein abundance. Myristoylation is a
co- or post-translational modification in which a 14-carbon fatty acid chain is attached to N-
terminal glycine residues®’. The AMPK B subunits are myristoylated by the enzyme N-
myristoyltransferase 1 (NMT1) in a co-translational manner**3%, and affects AMPK
responsiveness to low glucose levels!®® and ADP>4, as well as its physical localization to the
lysosome!® and mitochondria®!, though not the Golgi>*’. However, multiple groups have
observed AMPK subunit levels being lower in cells and mice lacking AMPK
myristoylation*1-2, the mechanism of which remains unknown.

Proteostasis describes the combined mechanisms leading to a protein level at a given time
in a cell. Certain processes such as transcription and translation contribute to protein addition,
while degradative processes such as the UPS and autophagy contribute to reduced protein levels.
The UPS depends on ubiquitination as a post-translational modification for covalent attachment

to lysine residues®>’

. This is facilitated by a series of three enzyme classes that catalyze ubiquitin
activation (E1), transfer (E2), and ligation (E3). Various branches of ubiquitin chains can dictate

the fate of the ubiquitinated protein, where K48-linked chains typically result in degradation in

the 26S proteasome™®,
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Within the UPS, several substrate receptors for the cullin 2-RING E3 ubiquitin ligase
(CRL2) including zyg-11 family member B (ZYG11B) and zyg-11 homolog B-like protein
(ZER1) recognize and target non-myristoylated proteins for degradation as a result of exposed
N-terminal glycine residues®’. Additionally, numerous E3!71:174-182 ybiquitin ligases and E2!72
enzymes have been shown to ubiquitinate AMPK and target various subunits for degradation.
However, their relevance in the context of regulating non-myristoylated AMPK protein levels is
unknown.

Using mice and MEFs harbouring a glycine-to-alanine point mutation at the
myristoylation site (G2A) on AMPK 1 and B2 subunits, we have interrogated how
myristoylation influences AMPK subunit protein stability. We report that G2A MEFs and
various tissues exhibit a 50% reduction in steady state protein levels of the AMPK subunits,
though the y1 subunit appears to be the most sensitive. These changes are likely not due to
changes in heterotrimer assembly or transcription and may be ubiquitin-dependent. We do not
report convincing evidence for ZYG11B and ZER1 being regulators of non-myristoylated
AMPK. This work highlights the importance of AMPK myristoylation beyond its regulation of

activity and subcellular localization.
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4.4 Materials and Methods

Mouse embryonic fibroblast generation and culture

MEFs from WT and G2A mice were generated as previously described®?. Briefly, MEFs were
isolated from homozygous WT, 1-G2A KI, f2-G2A KI or 1/p2-G2A DKI embryos. The head
and internal organs were removed, and the remaining embryo body minced and trypsinized.
Cells were centrifuged in 10% FBS/DMEM (500 g, 5 min, 4°C) and medium replaced and the
cell suspension was passed through a 40-pm cell strainer and plated in 10-cm dishes. Cells were
cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin and passaged at
1:2 or 1:4 when confluent. MEFs were immortalized by transfection with an SV40 large T-
antigen expression construct using Fugene HD transfection reagent (Promega).

SDS-PAGE and western blotting

Total cellular lysates were collected by adding 8.33 ul/cm? western lysis buffer (0.5% Triton X-
100; 0.5% NP-40; 50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 1 mM EDTA; protease inhibitor
cocktail, EDTA-free (Roche #11697498001)) and transferring lysate to pre-chilled 1.5 ml tubes.
Lysates were then clarified at 14,000 x g for 20 minutes at 4°C. After transferring supernatants to
new tubes, lysate protein concentrations were determined by bicinchoninic acid (BCA) assay
(Thermo Fisher #23225) according to the manufacturer’s protocol. Lysate protein concentration
was then equalized using western lysis buffer before adding 6X SDS loading buffer (300 mM
Tris-HCI, pH 6.8; 600 mM DTT; 12% SDS; 0.6% bromophenol blue; 60% glycerol). The
samples were then boiled at 95 °C for 5 minutes and stored at -20 °C. For SDS-PAGE, 8 — 15%
polyacrylamide resolving (375 mM Tris-HCI, pH 8.8; 0.1% SDS; 0.05% TCE) and 5% stacking
(130 mM Tris-HCI, pH 6.8; 0.1% SDS) gels were made in-house the day before sample running.

Samples in 1X SDS loading buffer or Protein Ladder (Bio-Rad #1610374) were loaded into 10-
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or 15-well gels and run at 110V. The proteins were transferred to methanol-activated PVDF
(Bio-Rad #1620177) using the TransBlot system (BioRad) in Turbo Buffer (48 mM Tris; 39 mM
glycine; 20% methanol) for 20 minutes at 25V. Membranes were then blocked in 5% BSA
(BioShop #ALB001) in TBS-T (20 mM Tris; 150 mM NacCl; 0.1% volume fraction Tween-20)
for 1 hour, before distributing membranes into appropriate primary antibody dishes for overnight
incubation at 4 °C with gentle rocking (all antibodies diluted 1:1000 in 5% BSA in TBS-T; listed
in Supplemental Table 4.1). The next day, membranes were washed 4X with TBS-T and then
incubated with HRP-conjugated rabbit IgG secondary antibody (Cell Signaling Technology
#70748S; 1:10000 in 5% BSA in TBS-T) for 1 hour at RT. The membranes were again washed
4X with TBS-T and then blots were activated with Clarity Western ECL substrate (Bio-Rad
#1705061) before being imaged on the LAS ImageQuant 4000.

RNA isolation, cDNA synthesis, and RT-qPCR.

Cells were treated as described and washed once with PBS before adding 115 ul/cm? TriPure
RNA isolation reagent (Roche #11667165001). RNA isolation was carried out according to the
manufacturer’s instructions with all centrifugation steps at 4°C. RNA concentration and quality
(A260/280) was measured using the Take3 Plate (Agilent #TAKE3-SN) on the Synergy H1 Plate
Reader (BioTek). RNA concentration was equalized using DNase/RNase free H,O, after which
300-400 ng of RNA was transferred to 8-strip PCR tubes (Diamed #DIATEC420-1378) and
reverse transcribed into cDNA using the All-in-One 5X RT Master Mix (Applied Biological
Materials #G592) in a T100 thermal cycler (Bio-Rad). Synthesized cDNA was diluted to a final
concentration of ~2.5 ng/ul in DNase/RNase free H2O such that each qPCR reaction contained
~10 ng of cDNA. qPCR was performed using the BlasTaq 2X qPCR MasterMix (Applied

Biological Materials #G891) according to manufacturers instructions. Relative expression was
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calculated with the #2Ct method using Hprtl as a housekeeping gene. Primer sequences are listed
in Supplemental Table 4.2.

siRNA knockdown

Silencer Select siRNA stocks (Thermo Fisher #4390771) for respective targets were diluted to
20X in Opti-MEM (Thermo Fisher #31985062) then mixed 1:1 with 20X Lipofectamine
RNAIMAX (Thermo Fisher #13778075) and incubated at room temperature for 5 min. For 6
well plates, 200 pl of 10X siRNA-liposome mix was added per well and incubated for 24h at
37°C.

Immunoprecipitation

Protein A Dynabeads (Thermo Fisher #10001D) were prewashed three times using cold western
lysis buffer. The beads were then distributed to tubes, where 3 pl of mouse anti-AMPKf1
(Signalway #27201) or isotype control [gG2a were added. After 5 min at RT, 200 pg of lysate
was added to the bead slurry and brought to a final volume of 500 pl. The mixture was then
incubated overnight rotating at 4°C and 15 RPM. The next day, the beads were pelleted and the
supernatant fraction was collected before washing the beads three times with lysis buffer. To the
pellet, 40 ul of 1X SDS loading buffer was added before boiling samples at 95°C for 8 min. The
beads were pelleted a final time, and the resulting elution collected and loaded onto an SDS-
polyacrylamide gel.

TUBE pulldown

MEFs in 15 cm dishes were treated as described, then washed once with cold 1X PBS before adding
deubiquitinase inhibitor (DUBI) lysis buffer (1% Triton X-100, 10% glycerol, 2 mM O-Phenanthroline
(MedChemExpress #HY-W004544), 50 uM PR-619 (MedChemExpress #HY-13814), 10 uM Spautin-1
(MedChemExpress #HY-12990), 10 uM MG132 (MedChemExpress #HY-13259), 2 mM EDTA, 130

mM NacCl, 20 mM Tris-HCI pH 7.4) and scraping to collect lysate. Lysates were rocked on ice for 15 min
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then clarified by centrifugation at 14,000 x g for 10 min at 4°C. The supernatant was transferred to
new tubes, and an aliquot reserved for BCA-based protein quantification. Following
quantification, 0.5 mg of protein lysate was transferred to new tubes and diluted 1:4 in DUBI to
reduce Triton X-100 concentration to 0.2%. 20 pul of tandem ubiquitin binding entities (TUBE) 1
(LifeSensors #UM401M) or control magnetic bead slurries (LifeSensors #UM400M) were added
to each tube and incubated, rotating overnight at 4°C and 15 RPM. The next day, the beads were
pelleted and the supernatant fraction was collected. The beads were then resuspended in 400 pl
of DUBI wash buffer (DUBI lysis buffer without Triton X-100) before pelleting and discarding
the supernatant. A total of three washes were performed before resuspending the beads in 40 pl
of 1X SDS loading buffer. Samples were then boiled at 95°C for 8 min, then run via SDS-PAGE.
Mouse models

C57BL/6J mice were purchased from The Jackson Laboratory and bred in house. AMPK 1/p2
G2A mice were generated as previously described”. All mice were housed in ventilated cages at
~23 °C and maintained on a 12/12 h light-dark cycle with ad libitum access to a standard rodent
chow (58% kcal from carbohydrates, 18% kcal from fat, and 24% kcal from crude protein;
Harlan Teklad #2018) and water. All experiments conducted were in accordance with the
Canadian Council of Animal Care and approved by the Animal Care Committee at the

University of Ottawa (BMle-3644).
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4.5 Results
Non-myristoylated AMPK has higher activity despite lower protein levels

AMPK myristoylation depends on N-terminal glycine recognition by NMT1 during 3
subunit translation, regulating AMPK activity and subcellular localization following heterotrimer
formation (Figure 4.1A). To selectively disrupt NMT1 recognition of the B subunit N-terminus,
we generated knock-in mice using CRISPR-Cas9 to replace the N-terminal glycine with an
alanine residue (G2A). To assess how AMPK protein levels vary between myristoylated and
non-myristoylated forms, we measured basal protein expression in immortalized MEFs that
endogenously express the G2A mutation on B1 (B1-G2A), B2 (f2-G2A), or both B1 and B2 (B1/2-
G2A) isoforms. In MEFs, the predominantly expressed isoforms are a1, 1 and y1, though there
is some expression of B2 and y2 as well’®. In line with this, we observed the largest increase in
AMPK activity in B1/2-G2A MEFs, wherein all AMPK heterotrimers would be non-
myristoylated, as measured by increased pACC-S79 and pAMPKa-T172 signal (Figure 4.1B).
This was followed closely by B1-G2A MEFs, whereas $2-G2A cells exhibited activity more
similar activity to WT cells, aligning with their expected 8 subunit stoichiometries (Figure 4.1B).
Surprisingly, the inverse was true for protein levels. Compared to WT MEFs, 1/2-G2A and B1-
G2A cells had lower steady state protein levels of AMPK al, B1, and y1 subunits, though the
decline in y1 subunit levels were the most prominent (Figure 4.1B).

To compare how myristoylation-dependent AMPK activity changes in response to
different activators, we treated WT and $1/2-G2A MEFs (all experiments hereafter use the f1/p2
double knock-in; referred to simply as G2A) with either MK-8722 as an allosteric activator that
binds to the ADaM site, or a high dose of metformin, which primarily activates AMPK via

increasing AMP levels!'®. We observed that both MK-8722 and metformin increased pAMPKa-
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T172 levels in WT MEFs, although metformin this did not increase ACC phosphorylation at 2
hours (Figure 4.1C). In contrast, at baseline G2A cells had elevated pACC-S79 signal that was
equivalent to allosterically activated WT MEFs. Interestingly, allosteric activation and
metformin treatment had a minimal effect on ACC phosphorylation in G2A MEFs, while
pAMPK-T172 was strongly induced (Figure 4.1C). This suggests that while the basal increase in
non-myristoylated AMPK activity is sufficient to saturate some downstream target phosphosites,
not all AMPK complexes are active. In line with other data, we again observed clear decreases in
the steady state levels of AMPK subunits (Figure 4.1C). Altogether, non-myristoylated AMPK
exhibits higher basal activity that varies by the stoichiometric amount of the 1 or B2 subunit and
is still responsive to allosteric activation, particularly at the ADaM site.

While increased non-myristoylated AMPK activity has been ascribed to conformational
changes that invite phosphorylation by upstream kinases*->*2, there remains no explanation for
why AMPK subunit levels are decreased. To test whether this decrease in protein levels was due
to transcriptional feedback, we measured mRNA levels in WT and G2A cells. Across all
detectable subunits, we did not measure any genotypic changes in mRNA, arguing against a
transcription-dependent reduction in non-myristoylated AMPK subunit levels (Figure 4.1D).
Individual AMPK subunits are more susceptible to degradation than when part of the
heterotrimer®®!. Therefore, we next investigated whether myristoylation affects heterotrimer
formation. We postulated that if the lack of B subunit myristoylation negatively impacted
heterotrimer assembly, we would recover the subunits in a non-stoichiometric manner following
immunoprecipitation in G2A cells. Following immunoprecipitation of the 1 subunit, both
AMPK o and B subunits were detected in equal amounts between WT and G2A cells, though

AMPK y1 may have been slightly lower (Figure 4.1E,F). However, since we also observe lower
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protein levels in the a subunit, it is unlikely that heterotrimer formation is affecting our overall
phenotype. Therefore, the decrease in non-myristoylated AMPK protein levels is not reliant on

transcription and is minimally affected by heterotrimer association.

Pharmacological inhibition of N-myristoyltransferase recapitulates the G2A phenotype
Given that co-translational myristoylation is catalyzed by the enzyme N-
myristoyltransferase (NMT)*%2, we wondered if inhibition of NMT could recapitulate our
observations in G2A MEFs. These two models of non-myristoylated AMPK B, NMTi-induced
and G2A-related, would allow us to compare the relevance of the N-terminal amino acid residue,
especially since alanine residues at N-termini can also trigger degradative processes®®® (Figure
4.2A). Therefore, we treated WT and G2A cells with the pharmacological NMT inhibitor IMP-
1088 (NMT?1) for 16 hours (Figure 4.2B). We observed an increase in AMPK activity in WT
cells treated with NMTi, though this remained lower than in untreated G2A MEFs (Figure 4.2C).
Protein levels of each of the AMPK subunits also decreased following NMTi treatment, aligning
with the G2A phenotype (Figure 4.2C). With both transcription and heterotrimer assembly
seeming improbable contributors to non-myristoylated AMPK protein levels, we hypothesized
that proteostatic control mechanisms such as the UPS played a role in our observed decrease,
potentially through elevated ubiquitination and degradation in the 26S proteasome (Figure 4.2A).
To test whether there was any involvement of the UPS, we treated WT and G2A MEFs overnight
with NMTi before adding the proteasome inhibitor MG132 to cause an accumulation of
ubiquitinated proteins that would have otherwise been destined for proteasomal degradation
(Figure 4.2D,E). In WT cells, we did not detect any effect of MG132 on AMPK subunit levels in

vehicle or NMTi-treated conditions over the course of 8 hours (Figure 4.2D). However, the
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NMTi-induced decrease in subunit protein levels was evident, particularly for the y1 subunit
(Figure 4.2E). While G2A MEFs similarly displayed no response to MG132, NMTi did not
cause a further reduction in AMPK protein levels, supporting that NMTi affects AMPK subunit
levels in a myristoylation-dependent manner (Figure 4.2C). While MG 132 treatment is designed
to cause an accumulation of ubiquitinated AMPK subunits, the translation inhibitor,
cycloheximide (CHX) would cause a depletion in subunits due to reduced replenishment of
protein stores (Figure 4.2A). We treated cells similarly with CHX and observed no CHX-
dependent changes, though the effects of NMTi were again evident (Figure 4.2D,E).
Collectively, these data suggest that while NMTi can replicate the G2A phenotype in WT cells,
there is no overt accumulation or decrease in protein levels following inhibition of proteostasis

regulators.

AMPK «a and y subunits are ubiquitinated to the same extent in G2A MEFs.

Measurement of steady state protein levels following proteasomal inhibition is
challenging due to the rapid nature of ubiquitination and may not yield changes in the nascent
protein banding pattern. Since each ubiquitin residue is ~9kDa’%*, an accumulation of
ubiquitinated AMPK would result in higher molecular weight complexes detectable as a smear
by western blot. To more comprehensively probe the rapidly changing ubiquitin landscape, we
used tandem ubiquitin binding elements (TUBEs) in combination with a 2 hours MG132
treatment to enrich for ubiquitinated proteins (Figure 4.3A). Our TUBE pulldown enrichment
was near complete, as there was little residual ubiquitin detected in the supernatant fraction, and
none detected when using control magnetic beads (Figure 4.3A). We then repeated this

experiment, this time also treating G2A MEFs with MG132 (Figure 4.3C). We observed an
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equivalent increase in ubiquitin signal in both WT and G2A MEFs treated with MG132,
indicative of polyubiquitinated protein accumulation and a successful enrichment (Figure 4.3B).
For the AMPKa subunit, we observed high molecular weight smears in MG132-treated samples,
suggesting these were polyubiquitinated AMPK « species. Interestingly, we did not detect any
high molecular weight species for AMPKf1 (Figure 4.3C), while AMPKy1 produced smears
similar to AMPKa. Across all the subunits, the high molecular weight intensity was comparable
between WT and G2A MEFs. However, considering there was much less input y1 in the G2A
samples, there may have been a higher proportion of high molecular weight y1. While this could
suggest that AMPK y1 is ubiquitinated at a higher rate when part of the non-myristoylated

heterotrimer, more experiments would be required to definitively test this.

Knockdown of candidate myristoylation-dependent E3 ubiquitin ligases has no effect on
G2A subunit levels.

There are more than 600 E3 ubiquitin ligases encoded in the genome. The majority
belong to the Cullin-RING E3 ligase family (CRL), which rely on Cullin scaffolds to form
multisubunit complexes>®. The specificity of ubiquitination is conferred by substrate receptors
that directly bind to select targets so that the CRL complex can load ubiquitin units onto the
target residues. N-terminally exposed glycine residues represent an N-degron motif that is
targeted by a pair of widely expressed CRL2 substrate receptors in ZER1 and ZYG11B>%., Given
that these are the only known myristoylation-dependent regulators to date, we wondered if these
proteins played any role in regulating non-myristoylated AMPK protein levels. To answer this,
we performed siRNA knockdown experiments in both WT and G2A MEFs. Using Gapdh as a

positive control, we achieved 80-90% knockdown at the mRNA level for both Zer! and Zygl1b
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(Figure 4.4B). Due to the lack of commercially available antibodies for ZYG11B, we could only
validate the knockdown of ZER1 at the protein level, where we observed efficient reduction of
ZER1 within 24 hours (Figure 4.4C). Despite this, there were no apparent increases, and perhaps
even a decrease, in AMPKa and y1 (Figure 4.4D), though in the absence of any myristoylation
or proteasomal degradation inhibitors. We then proceeded to knock down Zer!/ in both WT and
G2A MEFs while inhibiting proteasomal degradation via MG132 (Figure 4.4E). Again, we did
not observe an overt effect when using MG132, and there were no differences in any of the
AMPK subunit levels following Zer! knockdown (Figure 4.4E). In a similar experiment, we
treated MEFs with MG132 or CHX for 4h, this time including Zyg/1b siRNA conditions, where
we again observed no effect of the E3 ubiquitin ligases on AMPK subunit levels (Figure 4.4F).
Together, these data suggest that ZER1 and ZYG11B are not key drivers of the reduced non-

myristoylated AMPK subunit levels.

Autophagic degradation mechanisms do not target non-myristoylated AMPK.

Beyond the UPS, bulk and selective forms of autophagy can contribute to protein
turnover. To address whether autophagic degradation regulates non-myristoylated AMPK
turnover, we inhibited late phase autophagy using the vacuolar H*-ATPase inhibitor, bafilomycin
Al (Baf Al), in WT and G2A MEFs for 4, 8, and 12 hours. While there may have been a
trending time-dependent increase in AMPKa due to Baf Al treatment in WT cells, there was no
effect on the B or y subunits in WT or G2A MEFs (Figure 4.5A). With no changes in the non-
myristoylated condition, it appears that macropautophagy is not a major contributing factor to
non-myristoylated AMPK subunit levels. Beyond bulk autophagy, selective autophagy can

regulate protein turnover as well. Chaperone-mediated autophagy, which relies on recognition of
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a KFERQ motif in target proteins, binds to the cytosolic chaperone HSC70 and brings the target
protein to the lysosome for degradation®*®>%7, AMPKal exhibits a canonical KFERQ-like motif
(RREIQ), leaving open the possibility that non-myristoylated AMPK leads to greater exposure of
this peptide sequence. To test this, we treated WT and G2A MEFs with a chemical inducer of
chaperone mediated autophagy in AR7°%%, However, across all subunits, there was no effect in
AR7 in G2A or WT cells (Figure 4.5B). These data make it unlikely that non-myristoylated
AMPK is being regulated by autophagic forms of degradation.
Non-myristoylated AMPK subunit levels display similar decreases across diverse tissues.
Given that we were unable to identify candidate E3 ubiquitin ligases from our targeted
knockdown of ZER1 and ZYG11B, we turned to G2A mice to ask whether tissue-specific
differences in non-myristoylated AMPK protein could direct us to potential tissue-restricted
degradative mechanisms. This also allows for expansion beyond the predominant alf1y1
heterotrimer in MEFs to the heterotrimeric diversity across tissues. From WT and 1/82-G2A
knock-in mice, we isolated tissue from the brain, liver, and heart, which express different
combinations of a, 3, and y subunits. The brain expresses predominantly a1/2 and y1/2 subunits,
as well as solely B2. We observed greater than a 50% decrease in both a1 and a2 subunit levels
and a similar decrease in 2, though this was more variable. The y1 subunit was virtually
undetectable G2A brain samples. The liver also expresses al/2 and y1/2, though differs from the
brain in that it favours B1 expression over 2. We observed similar trends for the a and y1
subunits when compared to the brain, though the f1 subunit was decreased less in G2A samples.
In the heart, which expresses a combination of the B subunits, again demonstrated a strong
reduction in y1 subunit levels. However, while al was clearly decreased in G2A mice, the a2

subunit was largely unchanged. Furthermore, though the expression was somewhat variable,
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there was a stronger reduction in 2 subunits compared to f1. Collectively, these data point to
the potential for tissue-specific regulation of certain subunits, though y1 protein levels are

universally lower in all tissues assessed.

4.6 Discussion

In this work, we have examined how AMPK myristoylation regulates its protein stability.
In cells selectively lacking AMPK myristoylation (G2A), we observed reduced steady state
protein levels of AMPK subunits in MEFs, though the most striking decrease was consistently in
the y1 subunit (Figure 1). We established that these myristoylation-dependent changes are
unlikely to result from decreased transcription, or from defects in heterotrimer assembly.
Through targeted siRNA knockdown experiments, as well as polyubiquitinated protein
enrichment strategies, we were unable to detect obvious changes in ubiquitin-dependent non-
myristoylated protein subunit levels. However, the decrease in steady state protein levels was
conserved across several tissues in vivo, suggesting that this is universal regulatory node for
AMPK proteostasis.

When selecting candidate E3 ubiquitin ligases for our knockdown experiments, we
decided to focus on ZER1 and ZYG11B due to their established role in sensing myristoylation-

specific N-degron motifs>>

. While our knockdown experiments preliminarily suggest that it is
unlikely ZER1 or ZYG11B play significant roles in regulating non-myristoylated AMPK protein
levels, a caveat with our approach is that G2A cells do not express the N-terminal glycine
residue. However, structural analysis of ZER1 binding efficiency has revealed that it exhibits a

high preference for N-terminal alanine residues, while ZYG11B also recognizes alanine, though

to a lesser extent than glycine residues®®. An additional structural study suggests that the AMPK
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B1 and B2 N-termini are favourable for both ZER1 and ZYG11B binding>’°. Regardless, further
experiments including simultaneous knockdown of both ZER1 and ZYG11B, in addition to
NMT inhibition to retain the N-terminal glycine residue, would be required to completely rule
out a role for ZER1 and ZYGI11B.

Non-myristoylated AMPK exhibited lower steady state subunit levels; however, that does
not necessarily mean that the myristoylation site is the recognition site for potential upstream
regulators. Indeed, it is thought that non-myristoylated AMPK adopts a more open conformation,
allowing for easier access to T172 by upstream kinases*>=>4. Therefore, it is possible that any of

the validated E3 ubiquitin ligases for AMPK, of which there are several for the o!71:174-177,

B179,180 178

, and y subunits'’®, could have greater affinity for specific residues in the more open
conformation of non-myristoylated AMPK. Intriguingly, there are also reported AMPKa-pT172-
specific E3 ubiquitin ligases!8!:!82 that could be relevant given the G2A mutation results in
chronic overactivity. Additional experiments using a kinase dead G2A mutant would be the most
helpful in understanding this relationship.

When could this potential myristoylation-dependent regulation of AMPK be relevant in a
physiological setting? NMT1 expression has been shown to be decreased in CD4 T cells during
rheumatoid arthritis®’. While this did not lead to reduced AMPK subunit levels, it did decrease
AMPK activity, which opposes what we and others have observed when AMPK myristoylation
is dysregulated**-4+°2, However, to date this remains one of the few pathologies with reduced
NMTT1 expression. Beyond protein expression, little is known of the post-translational regulation
of NMT1 except that Src family kinases can stimulate its activity’’!. However, numerous high

throughput phosphoproteomics studies have identified uncharacterized phosphosites on NMT1572

that could affect myristoylation rates under certain cellular conditions. Additionally, the physical
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accessibility and intracellular concentration of myristoyl-CoA will also influence the overall rate
of myristoylation. While NMT 1 protein levels have typically been observed to increase in
several disease states such as cancers or fatty liver disease, it remains and understudied enzyme,
despite over 100 proteins relying on myristoylation for proper function®”.

Protein turnover is complex and is reliant on layers of transcriptional, post-
transcriptional, translational, and post-translational regulation. While we had ruled out
transcriptional changes and heterotrimer assembly as being contributors to non-myristoylated
AMPK protein stability in line with prior literature®?, we did not explicitly investigate differences
in translational rates between WT or G2A cells. Translation rates can be affected by ribosomal
recognition of the first four ribonucleotides of an mRNA transcript®’’*. However, our G2A
mutation was induced at the +5 position, making it unlikely that it would appreciably affect 3
subunit translation. Another possibility is that the G2A substitution generated an alternative N-
degron signal, as N-terminal alanines can be acetylated and subjected to degradation®”>.
However, since we also observed a similar decrease when treating cells with a pharmacological
inhibitor of NMT, thereby preserving the N-terminal glycine residue, it is unlikely, though still
possible, that an acetylation-dependent mechanism could explain the decrease in AMPK subunit
levels in G2A cells and mice. While the experiments contained within this chapter represent
preliminary work, our data confirms observations from published literature and highlights that
myristoylation plays an important role in regulating AMPK protein stability. However, given that
non-myristoylated heterotrimers exhibit chronic overactivity, it is likely that if AMPK
myristoylation is compromised in vivo, any resulting phenotype would be driven by this

overactivity and not from a reduction in protein levels.
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4.7 Figures
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Figure 4.1: Non-myristoylated AMPK has lower steady state subunit levels independent of mRNA.
(A) Schematic of model: NMT1 recognizes N-terminal glycine residues and myristoylates AMPK j,
conferring activity and localization regulation. Mutation of the glycine residue to alanine selectively prevents
myristoylation. (B) Immunoblots of AMPK subunit levels in WT and G2A MEFs. (C) WT and G2A MEFs
were treated with MK-8722 (2 uM) or metformin (0.2 mM) for 2h. Immunoblots of AMPK targets and subunit
levels. (D) Relative mRNA levels of AMPK subunits (n=3). (E,F) Immunoprecipitation of AMPK 31 followed
by blotting of all fractions (F) or eluate only (F). Data are represented as mean * SD. Blots are
representative of 3 (B) or 1 (D-F) independent experiment.
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Figure 4.2: Pharmacological inhibition of N-myristoyltransferase recapitulates the G2A phenotype.
(A) Schematic of model: three distinct pools of AMPK 8 can be generated depending on whether NMT1 is
fully functional (myristoylated), inhibited (non-myristoylated with N-terminal glycine), or unable to recognize
the N-terminus (non-myristoylated with N-terminal alanine). (B) WT or G2A MEFs were treated with DMSO
or IMP-1088 (NMTi; 0.5 uM) for 16h. Immunoblots of AMPK subunit levels and activity. (C) Densitometry
quantification of (B). (D-E) WT or G2A MEFs were treated with NMTi (0.5 uM) for 16h before spiking in
MG132 (10 pM; (B,C)) or cycloheximide (CHX; 5 uM; (D,E)) for indicated times. Immunoblots of AMPK
subunit levels. Blots are representative of three (B,C) or one (D-G) independent experiment.
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Figure 4.3: AMPK a and y
subunits are ubiquitinated to
the same extent in G2A
MEFs. (A) Tandem ubiquitin
binding entity (TUBE) pulldown
allows for enrichment of
polyubiquitinated proteins. WT
MEFs were treated with
MG132 (10 uM) or DMSO for
2h. Enrichment of
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(B) WT and G2A MEFs were
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for 2h and ubiquitinated
proteins enriched as in (A).
Immunoblots of AMPK
subunits following TUBE
enrichment. Blots are
representative of one
independent experiment.
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Figure 4.4: Knockdown of candidate myristoylation-dependent E3 ubiquitin ligases has no effect on
G2A subunit levels. (A) Schematic of proposed model: ZER1 and ZYG11B recognize non-myristoylated
AMPK, leading to its polyubiquitination and subsequent degradation in the 26S proteasome. (B) WT MEFs
were treated with siRNA (10 nM) specific to Gapdh (positive control), Zer1 or Zyg11b for 24h. Relative
mMRNA levels compared to scrambled siRNA. (C) Immunoblots of ZER1 and GAPDH following 24h and 48h
of knockdown. (D) Immunoblots of ubiquitinated AMPK subunits « and y and ZER1 after indicated
knockdown durations. (E) siRNA knockdown of Zer? (10 nM) for 24h in WT or G2A MEFs was followed by
incubation for MG132 (10 pM) for indicated times. Immunoblots of AMPK subunits and ZER1. (F) siRNA
knockdown of Zer1 or Zyg11b (10 nM) for 24h in WT or G2A MEFs was followed by incubation with either
MG132 (10 pM) or CHX (5 uM) for 4h. Immunoblots of AMPK subunits and ZER1. All blots are
representative of one independent experiment.
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Figure 4.5: Autophagic degradative mechanisms do not target non-myristoylated AMPK. (A) WT or
G2A MEFs were treated with bafilomycin A1 (25 nM) for indicated times. Immunoblots of AMPK subunit
levels. (B) Densitometry for (A). (C) WT or G2A MEFs were treated with AR7 (10 uM) for indicated times.

(D) Densitometry for (C). Blots are representative of three biological replicates from two independent
experiments.
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Figure 4.6: Non-myristoylated AMPK subunit levels display similar decreases across diverse
tissues. Protein samples from indicated tissues from WT (n=3) and B1/82 G2A (n=3) mice were run on
SDS-PAGE. AMPK subunit protein levels in (A) brain, (B) liver, and (C) heart tissue with densitometric
quantification below each panel. Data represented as mean + SD (A-C, lower). Data are representative of
one independent experiment.
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Supplemental Table 4.1: Antibodies and stains.

Antibody Source Company CAT
ACC Rabbit Cell Signaling Technology 3662
pACC-S79 Rabbit Cell Signaling Technology 3661
AMPKa Rabbit Cell Signaling Technology 2532
pAMPKa-T172 Rabbit Cell Signaling Technology 2535
AMPK 31/2 Rabbit Cell Signaling Technology 4150
AMPK31 Mouse Signalway 27201
AMPK vy1 Rabbit Abcam ab32508
Ubiquitin Mouse Novus Biologicals NB300-130
B-actin Rabbit Cell Signaling Technology 5125
Vinculin Rabbit Cell Signaling Technology 4650
ZER1 Rabbit Thermo Fisher 16647-1-AP
GAPDH Rabbit Cell Signaling Technology 8884
2,2,2-Trichloroethanol (TCE) N/A MilliporeSigma T54801
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Supplemental Table 4.2: Primers used in RT-qPCR.

TagMan Probes

Target (mouse) Assay ID (Invitrogen)
Prkaa1 Mm01296700_m1
PrkaaZ2 Mm01264789_m1
Prkab1 Mm01201921_m1
Prkab2 Mm01257133_m1
Prkag1 Mm00450298 g1
Prkag?2 MmO00513977_m1

Actb MmO00607939 s1

Oligos for use with SYBR Green

Target (mouse) Forward (5'-3") Reverse (5'-3")
Zer1 CACCTGACAACTGCGAGATGT CCTAGCATGTTACGGTGTAGC
Zyg11b TTCCGTGGACACTACGTTGAA TGACTCAGTTGGGAAAGACTCT
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Actb GGCTGTATTCCCCTCCATGG CCAGTTGGTAACAATGCCATGT
Hprt1 TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
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Chapter 5: General conclusions and future perspectives

In my thesis, I have investigated how metabolic signaling in immune cells influences
disease across acute and chronic inflammatory contexts. In my first chapter, I explored how
AMPK regulates and is regulated by changes in metabolism and nutrient levels. In my work with
HMGCR, I found that different atherosclerosis models can produce diverging immune cell
phenotypes and argue that multiple hypercholesterolemia models should be used to validate
immune cell-related findings. My work on Salmonella enterica in chapter 3 elucidated how
AMPK signaling affects metabolism during the inflammatory response to gram-negative
bacteria. Finally, we investigated how myristoylation affected AMPK protein stability. While we
did not uncover a specific mechanism for this process, we did exclude several suggested
regulatory processes, and surmise that there is some additional layer of regulation that influences
non-myristoylated AMPK protein stability.

There remains a pressing need to develop anti-inflammatory therapeutics given the role
inflammation plays in various diseases such as obesity and ACVD. However, this must be
tempered with an understanding that inhibiting inflammation can have adverse outcomes on
susceptibility to pathogens. Our results demonstrate that AMPK activation selectively inhibits
inflammatory cytokine production without completely disrupting core inflammatory pathways.
The use of neutralizing antibodies against targets such as IL-1p have shown clinical promise in
reducing inflammation, though this comes with increased risk of infection®’®. Furthermore, acute
administration of the AMPK activator MK-8722, which is known to improve metabolic disease
outcomes and glucose homeostasis!*®, had minimal effects on bacterial pathogenesis in our
model of §.Tm infection. In this way, AMPK activators still hold promise for resolving some of

the inflammatory phenotypes observed in metabolic disorders, without significantly impacting
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immune cell function. While my thesis supports this view, more work will be required to
understand how AMPK activators affect the response to diverse pathogens in preclinical models
across longer timescales.

Where does the AMPK field go next? For one, AMPK targets are broadly expressed
across diverse cell types and in different subcellular compartments. The forthcoming challenge
now rests in linking the temporal and localization-specific signals to their respective tissue and
disease states. I envision that optimizing real-time biosensors such as ExRai AMPKARS3! for use
in intravital imaging will be a key step in understanding AMPK signaling dynamics in vivo®”’.
This will be important in the context of nuclear AMPK signaling since the long-term effects of
AMPK activators will be driven in part by transcriptional rewiring, of which the exact
mechanism requires clarification.

Other important steps moving forward should include consolidation and characterization.
For one, there remain numerous posttranslational modifications on the AMPK heterotrimer itself
that are uncharacterized. As a start, recent work from Jon Oakhill’s group stoichiometrically
measured the extent of mTORC1-driven phosphorylation on various combinations of the AMPK

heterotrimer>’®

. More studies such as this one, particularly in the context of well-characterized
AMPK activation states such as glucose starvation®, elevated intracellular calcium®® and fatty
acyl-CoAs*, as well as oxidative stress'*!, will help identify differential signals that lead to
altered localization and activity. Too many phosphorylation, acetylation, and ubiquitination sites
identified by high throughput studies remain uncharacterized®’?>. And that says nothing of
modifications that are less thoroughly explored such as itaconation®” or other direct metabolite

interactions. While these types of systematic interrogations require time, there is a need to unify

the rapidly expanding inputs on AMPK activity.
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Looking downstream, the number of AMPK targets now exceeds over 120 validated
substrates. However, among this body of work, only eleven targets have been tested in mouse
models with point mutations at the AMPK phosphosites®®’. Just as inducible and tissue-specific
AMPK knockout models have been applied to numerous disease states, we have reached a point
where more precise models are required to ascertain the physiological relevance of new and
established targets. The generation of Ser-Ala point mutant mouse models, as well as the
reciprocal Ser-Glu/Asp point mutants will be essential for confirming observations made in vitro.
Considering AMPK target sites are typically identified near the conclusion of a study, it is often
unfeasible to generate and thoroughly investigate a new mouse line. However, with the
advancement of genome editing tools and the relative ease at which these mouse models can be
produced’®!, these barriers will hopefully be reduced. One particular area that could benefit from
point mutant studies is in AMPK-mediated transcriptional regulation. With numerous
transcription factors and epigenetic regulators under AMPK control*”®, knockout models can
cloud interpretations of changes in gene expression. Furthermore, to my knowledge, there are no
examples of inducible, nor tissue-specific knock-in models for downstream AMPK targets. This

has been applied in cancer fields>®?

, and could be of use when assessing causality due to AMPK
signaling.

On a more personal note, while AMPK has been challenging to study at times due to the
expansive and rich history of the AMPK field, as well as its intersection with so many integral
pathways, I will forever be grateful for the opportunity to study such an adaptable kinase. I still
have many unanswered questions: how is AMPK transported into the nucleus? How does AMPK

translocate around the cell? Why does AMPK associate with membranes in the absence of

activating stimuli? However, I have learned through my degree to expect the unexpected. Just in
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the past two years, there have been studies linking AMPK activity to context-dependent
increases in protein translation'®!, as well as inhibition of autophagy initiation*!”. These ideas are
far cries from the consensus on AMPK signaling a decade ago. I suspect that many surprises

await us yet, and I eagerly look forward to their discovery.
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What role does endogenous cholesterol synthesis play in
atherosclerosis? Within the liver, a lot. Within the arterial wall, not
much. Feedback inhibition of synthesis [1-3], as well as inhibition of
LDL receptor-mediated uptake, allows the cell to tightly control its
cholesterol content. Thus, other mechanisms must be at work in the
development of cholesterol-overloaded “foam” cells within atheromata.
Decades of work have established that the development of
atherosclerotic plaques begins with the subendothelial retention of
cholesterol-rich  apolipoprotein-B  (apoB)-containing lipoproteins,
chiefly LDL, followed by their modification by local enzymes within the
arterial wall [4-7]. These processes lead to particle aggregation and
cellular uptake through LDL-receptor-independent pathways [8,9],
usually phagocytosis [10] or, for large aggregates, digestive exophagy
[11,12].

But could there still be a role for extrahepatic cholesterol biosyn-
thesis in atherogenesis? This question has potential therapeutic
implications, given the availability of several classes of pharmacologic
agents that directly or perhaps indirectly inhibit cholesterol synthetic
enzymes. Statins and bempedoic acid are on this list and in clinical use
(bempedoic acid appears to act only in liver, because of its conversion
into its active form there). Metformin [13] and other activators of AMP
kinase (AMPK) might also be on this list, owing to a specific regulatory
pathway in which AMPK phosphorylates HMG-CoA reductase (HMGCR)
at Ser872 (Ser871 in mice), thereby inhibiting it. The AMPK-HMGCR
pathway makes physiologic sense: AMPK is activated by energy defi-
ciency; biosynthesis of cholesterol and other isoprenoids is energetically
costly; and so energy deficiency shuts it off.

In two papers sharing several authors, Lee et al., in 2022 [14], and
Smith et al. in this issue of Atherosclerosis [15], used elegant method-
ologies to address this specific action of AMPK, through the use of
knock-in (KI) mice in which the genomic codon for the target serine
residue on HMGCR has been replaced by a codon for alanine, which
AMPK cannot phosphorylate (Hmgcr KI mice).

DOI of original article: https://doi.org/10.1016/j.atherosclerosis.2024.117608.

https://doi.org/10.1016/j.atherosclerosis.2024.118530
Received 21 June 2024; Accepted 27 June 2024
Available online 28 June 2024

Smith et al. review an extensive, but messy, prior literature on the
role of AMPK more generally in atherosclerosis. Pharmacologic and
genetic manipulation of AMPK in animal models have shown an athe-
roprotective role, an atherogenic role, and, in a study by several of these
authors [16], no role. My general feeling is whenever an issue attracts
widespread attention and investigation, yet still remains
unresolved, then either there’s nothing there or the experimental
systems are not specific enough. Moreover, even a contradictory
literature might have an overall bias, as we bear in mind that positive
studies are often easier to publish than negative ones (more on this
point, below). The real picture might be even more negative.

With this background, examination of one single specific action of
AMPK makes a great deal of sense. Of the numerous targets of AMPK,
Lee et al. [14] and then Smith et al. [15] zeroed in on HMGCR
exclusively. Lee et al.’s animal model for atherosclerosis was the
hypercholesterolemic apoE-knockout mouse (Apoe ’~), which develops
hypercholesterolemia and arterial lesions even on ordinary
low-fat laboratory food [17,18]. Lee et al. found that, compared with
control Apoe™~ mice, the Apoe™/~/Hmgcr KI mice showed significantly
larger aortic lesion size, along with more plaque-associated
macrophages and lipid accumulation. In addition, the Apoe™~/Hmgcr
KI mice had elevated plasma concentrations of total cholesterol,
27-hydroxycholesterol, and what the authors called LDL and VLDL
cholesterol, as well as increased circulating Ly6-C" monocytes and
extramedullary myelopoiesis.

But this list of findings highlights at least two known problems with
the Apoe ™~ mouse as a model of atherogenesis. The first problem is its
highly abnormal circulating apoB-lipoproteins, which are mainly
B-VLDL, a large cholesterol-rich particle devoid of apoE. Would LDL, the
main apoB-lipoprotein in humans, also become suppressed by the
AMPK-HMGCR pathway? The second problem is abnormalities in the
immune system of Apoe™’~ mice. Would the AMPK-HMGCR pathway
suppress Ly6—Chl monocytes and extramedullary myelopoiesis when

0021-9150/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.
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apokE is present?

Smith et al. are to be commended for their diligence in re-testing a
role for the AMPK-HMGCR pathway in atherogenesis, this time in a
different animal model that expresses apoE and thereby avoids the
abnormal apoB-lipoproteins and the abnormalities in immune function
seen in apoE knockout mice. The lay-out of their figures is clear,
enhanced by the inclusion of symbols for blood, liver, bone marrow, and
spleen to aid the reader. One drawback is a large number of statistical
comparisons, uncorrected for their multiplicity.

Smith et al. used Bjgrklund et al.’s [19] non-genomic system to
induce hypercholesterolemia and atherosclerosis in wild-type and
Hmgcr KI mice by injection of gain-of-function human PCSK9”%#Y-a-
deno-associated virus to destroy hepatic LDL receptors, combined with a
high-fat, high-cholesterol “fast food” diet.

Smith et al.’s study showed no effect of the Hmger KI on
atherosclerosis. Smith et al’s results beyond atherosclerosis are
extensive, re-testing essentially all of the findings from Lee et al.’s
previous work in the apoE-knockout background. In Smith et al.’s
apoE-replete model, diet-fed Hmgcr KI mice showed the same levels of
plasma cholesterol as diet-fed wild-type mice. Moreover, the knock-in
had no detectable effects on hematopoiesis or the immune system.

Which results, Lee et al.’s or Smith et al.’s, are more applicable to
humans? My guess would be Smith et al.’s negative findings, because
nearly all people have apoE. But Lee et al.’s additional findings beyond
atherosclerosis development, listed above and in their published article,
might be amenable to testing in human volunteers, before and after
administration of an AMP kinase activator, such as metformin. As an
example, prior literature indicates a modest effect of metformin to lower
plasma concentrations of LDLc in people [20]. The reported
mechanisms, however, do not involve a direct effect of AMPK on
HMGCR [21,22].

As another example, salsalate, an anti-inflammatory agent noted by
Lee et al. [14] and others [23] to also activate AMPK, was tested in a
prospective randomized clinical trial of obese or overweight
statin-treated patients. The primary outcome was progression of
noncalcified coronary artery plaque by coronary computed tomography
angiography. The trial was “well-conducted, well-powered” [24]. But
the trial failed — no benefit in humans [25]. And yet, salsalate lowered
white blood cell counts in that trial [25] and decreased atherosclerosis in
a subsequent study in mice [26].

“Negative studies, when well-designed and well-powered, were not
failures; they were crucial in forcing the field to look elsewhere.” [27]
Based on the extensive findings now presented by Smith et al. [15], it
seems likely that we will be looking at strategies other than activation of
the AMPK-HMGCR pathway to reduce atherosclerotic burden. It is a
valuable contribution. We will continue to use metformin clinically, but
for other reasons.
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Winnipeg, Manitoba, Canada. Attended and presented virtually. June 14-18, 2021.
Smith TKT, LeBlond ND, Kemp BE, Fullerton MD. AMPK-mediated inhibition of HMG-
CoA reductase is protective against atherosclerosis. 2019 Canadian Lipid and Vascular
Summit. Banff, AB. *Won oral presentation award.

Poster Presentations

1.

Smith TKT, Kemp BE, Fullerton MD. Exploring the role of AMPK in Salmonella enterica
serovar typhimurium infection. BMI Departmental Seminar Day. Ottawa, Canada. Apr.
29, 2024. *Won poster presentation award.

Smith TKT, Kemp BE, Fullerton MD. Exploring the role of AMPK in bacterial infection. 12"
International Meeting on AMPK. Lorne, Australia. Oct. 1-6, 2023.*Won poster presentation
award.

Smith TKT, Ghorbani P, LeBlond ND, Kemp BE, Fullerton MD. Immune-dependent AMPK
signaling to HMG-CoA reductase protects against atherosclerosis. 2022 Canadian
Vascular and Lipid Summit. Whistler, British Columbia, Canada. Oct. 13-16, 2022.

Smith TKT, Ghorbani P, LeBlond ND, Kemp BE, Fullerton MD. Immune-dependent AMPK
signaling to HMG-CoA reductase protects against atherosclerosis. 5th European
Workshop on AMPK and AMPK-related kinases. Glasgow, United Kingdom. Sept. 27-29,
2022.

Smith TKT, Kemp BE, Fullerton MD. Myristoylation links AMP-activated protein kinase to
immunometabolism. 11" International Meeting on AMPK. Evian-Les-Bains, France.
Attended and presented virtually. Sept. 26-30, 2021.

SCHOLARSHIPS (2020 - present) — represents $287,500 CAD out of $363,500 CAD total

Ontario Graduate Scholarship — Doctoral 2024
University of Ottawa, Ontario - $15,000 CAD

CIHR Vanier Canada Graduate Scholarship 2021 — 2024
University of Ottawa, Ontario - $150,000 CAD total
e Ranked 7" out of 188 qualifying candidates (top 4%)

CIHR Canada Graduate Scholarship — Doctoral (Declined) 2021
University of Ottawa, Ontario - $105,000 CAD total
e Ranked 24" out of 488 qualifying candidates (top 5%)

CIHR Canada Graduate Scholarship — Master’s 2020
University of Ottawa, Ontario - $17,500 CAD

SELECTED AWARDS AND DISTINCTIONS

Syed Sattar Student Award - PhD 2025
University of Ottawa, Ottawa, Ontario, Canada

Faculty of Medicine Graduate Studies Excellence Award — PhD 2024
University of Ottawa, Ottawa, Ontario, Canada
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Faculty of Medicine Leadership Award 2023
University of Ottawa, Ottawa, Ontario, Canada

AMPK Meeting Poster Presentation Award 2023
12" International AMPK Meeting, Lorne, Australia

CSMB Conference Oral Presentation Award 2023
65" CSMB International Conference, Ottawa, Ontario, Canada - $500 CAD

2022 OISB Scientific Conference Oral Presentation Award 2022
OISB Scientific Conference, Cornwall, Ontario, Canada

Dr. Yves Marcel Award for Best Basic Science Oral Presentation 2022
34" Ottawa Cardiovascular Research Day, Virtual - $200 CAD

Canadian Vascular and Lipid Summit Oral Presentation Award 2019
Canadian Vascular and Lipid Summit, Banff, Alberta, Canada - $500 CAD

USports Top 8 Academic All-Canadian Nominee 2018
University of Ottawa athlete representative for prestigious national competition
MENTORSHIP
Student Mentorship 2019 — present

Fullerton Laboratory, Faculty of Medicine, Ottawa, Ontario
¢ Directly mentored 2 Honours students and 2 rotation students (3 months each) one-
on-one in all aspects of scientific discovery (cumulative time: 2.5 years).
¢ Demonstrated wet lab techniques and introduced best practices for data
analysis and integrity for an additional 7 undergraduate and 2 Master’s
students.

Faculty Mentorship — Flow Cytometry 2022-2024
Fullerton Laboratory, Faculty of Medicine, Ottawa, Ontario
e Provided expert guidance to 2 collaborators on experimental setup for their assays.

Departmental Mentorship 2020 - 2023
BMI Graduate Student Association, Faculty of Medicine, Ottawa, Ontario

Co-President 2022 — 2023
Vice President, Internal Affairs 2020 — 2022

¢ Championed student funding increases and actively advocated for higher stipends at the
university and national level, resulting in a $4,000 annual increase in stipend value.

e Communicated student concerns at monthly departmental and faculty meetings.

o Liaised with 2 other student associations to collaborate on key events and address
common issues.

Varsity Swim Team Academic Mentor 2017 - 2023
University of Ottawa Gee-Gees, Ottawa, Ontario
e Conducted 5 workshops and 15 annual one-on-one meetings about effective time
management and study techniques.
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¢ Achieved an increase of 25% in the number of Academic All-Canadians (8.0 average or
higher) after starting in role.

EXTRACURRICULAR INVOLVEMENT

Faculty of Medicine Awards of Excellence Selection Committee 2023-2024
University of Ottawa, Ottawa, Ontario, Canada

Biochemistry Graduate Program Director Selection Committee 2023
University of Ottawa, Ottawa, Ontario, Canada

UOHI Trainee of the Year Selection Committee 2020 — 2024
University of Ottawa Heart Institute, Ottawa, Ontario, Canada

Asst. Dean of Graduate and Postdoctoral Studies Selection Committee 2020
University of Ottawa, Ontario, Canada

Encounters with Canada — Dissection Demonstrator 2019 — 2023
University of Ottawa, Ottawa, Ontario, Canada

University of Ottawa Varsity Athlete 2015 -2019

University of Ottawa Gee-Gees Swim Team, Ottawa, Ontario, Canada
Team Captain (2017 — 2018)
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