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Abstract

The fundamental interplay between immunity and metabolism (immunometabolism)
transcends a staggering number of chronic diseases and underpins current and future therapeutic
efforts. AMP-activated protein kinase (AMPK) generally promotes catabolic and anti-inflammatory
pathways. In contrast, the mechanistic target of rapamycin complex 1 (mTORCL) initiates anabolic
and pro-inflammatory pathways. While it is known that AMPK can inhibit mTORC1 activation via
two specific targets (Raptor and TSC2), the physiological importance of this signalling axis remains
completely unknown. With the help of collaborators, a novel point mutant mouse model where the
phosphorylation sites on TSC2 (Ser1387) and Raptor (Ser722/792) have been mutated to alanine
(double knock-in mice; DKI) was generated. With these mice, the objective was to map the importance
of this signalling axis in macrophage immunometabolism. Using bone marrow-derived macrophages
(BMDM) from DKI and wild-type control mice, the lack of phosphorylation of both TSC2 and Raptor
was first validated. Moreover, downstream signalling to mTORCL1 targets was consistent with a basal
increase in MTORC1 activity. Next, macrophages were polarized using validated immune stressors
such as bacterial endotoxin and interleukin 4. Changes in metabolic signature and immune responses
were assessed by measuring transcript and surface expression markers, expression of metabolic
enzymes, and cytokine profiles of these cells. Given that immunometabolism underpins several
fundamental macrophage responses, this research seeks to identify how specific metabolic signalling
pathways can affect macrophage immune responses in culture to potentially inform how these cells

behave under acute and chronic inflammation conditions in vivo.
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Chapter 1: Introduction

1.1 Macrophage Function

Macrophages are involved in many biological processes, including tissue homeostasis,
repair, and pathogen response. These tissue-resident innate immune cells are professional
phagocytes, meaning they engulf foreign particulates such as bacteria or apoptotic cells. Tissue
macrophages originate from hematopoietic progenitors in the embryonic yolk sac (1). However,
macrophages can also be derived from hematopoietic stem cells (HSC) into myeloid precursors,
which can then differentiate into monocytes and, finally, macrophages (2). Macrophages sense
pathogen-associated molecular patterns (PAMP) via pattern-recognition receptors (PRR) to clear
pathogens and damage-associated molecular patterns (DAMP) to activate tissue repair (3).
Dysregulation of macrophage function is linked to various diseases, including diabetes, obesity,
cardiovascular disease, and infection (4—6). Since macrophages react to their environment and
become polarized based on the presence of exogenous stimuli, understanding the pathways that

affect and are affected by this activity could be beneficial in various disease contexts.

1.1.1 Macrophage Activation and Polarization

Macrophage activation and polarization are heavily based on the stimuli present in their
environment. Macrophages exist in a spectrum of polarization states in vivo that are difficult to
mimic in vitro. In culture, macrophages can be activated using known stimuli to model pro- or
anti-inflammatory polarization states. Pro-inflammatory macrophages, often described as M1 or
classically activated, are stimulated by lipopolysaccharide (LPS) or other pro-inflammatory
cytokines such as interferon-gamma (IFNy) (7). In contrast, anti-inflammatory macrophages, M2
or alternatively activated, are stimulated by Th2 cytokines, including interleukin (IL) 4 or IL13, to

participate in tissue remodelling and immunomodulation (7). There is now a clear recognition that



macrophage activation in vivo is a spectrum rather than two opposing states characterized by
distinct gene expression signatures (8). Importantly, macrophage activation and polarization can

be directly influenced and directed by metabolic programming.

Master metabolic regulators AMP-activated protein kinase (AMPK) and mammalian target
of rapamycin complex I (mTORC1) can direct macrophage polarization. For example, heightened
AMPK activity has been implicated in the anti-inflammatory polarization states of macrophages.
Previous research has shown that LPS-polarized macrophages with constitutively active AMPK
have decreased secretion of pro-inflammatory mediator’s tumour necrosis factor a (TNFa) and
interleukin (IL) 6, indicating a reduced pro-inflammatory response (9). Conversely, LPS-polarized
macrophages lacking AMPK activity via silencing of the al and a2 subunits have heightened
secretion of pro-inflammatory mediators TNFa and IL6, indicating an increased pro-inflammatory
response. Additionally, abolishing AMPK activity through knockout (KO) of the 1 subunit in
macrophages polarized with palmitate results in increased transcription of pro-inflammatory
genes, Tnfa, 116, and Il1f indicating lack of AMPK activity promotes a pro-inflammatory
macrophage response (10). The role mTORCI1 plays in macrophage polarization is less clear than
that of AMPK. LPS-polarized macrophages with heightened levels of mTORC1 activity via TSC1
knockout have been shown to have a pronounced pro-inflammatory signature as shown by
transcribed and translated levels of TNFa and IL6 (11). Additionally, IL4-polarized macrophages
with higher levels of mTORCI via TSC1 KO have a significantly impaired anti-inflammatory
macrophage response shown by lack of Arginase activity and through transcription of genes such
as arginase 1 (Argl) and resistin-like a (Fizz1). However, another study found LPS-polarized
macrophages lacking mTORCI activity via deletion of mTOR or Raptor have increased

transcription of Tnfa, 116, and 1113 and subsequent secretion of these genes, indicating a heightened



pro-inflammatory response (12). Both AMPK and mTORCI1 have a clear role in influencing
macrophage response to various inflammatory stimuli. Given the influence that key metabolic

regulators have on macrophage polarization, metabolic rewiring must be integral to this process.

1.1.2 Macrophage metabolism

Macrophages alter their metabolism to fit cellular needs. When macrophages are activated
via pro-inflammatory signals, the pentose phosphate pathway (PPP) and glycolysis are activated
to provide a burst of energy needed for inflammatory cellular function (13,14). As a result of
increased pyruvate, the tricarboxylic acid (TCA) cycle accumulates by-products, leading to breaks
in the cycle (15,16). Specifically, citrate and succinate accumulate in the TCA cycle and are used
in other cellular programs to promote inflammation. Excess citrate feeds into paths associated with
fatty acid synthesis, nitric oxide (NO) production and itaconate synthesis (17). Itaconate, a crucial
metabolite directly associated with antimicrobial activity, is key to executing pro-inflammatory
macrophage function. Furthermore, the accumulation of succinate stabilizes hypoxia-inducible
factor (HIF)-1a, which drives the expression of inflammatory cytokines needed in the pro-
inflammatory response (17—19). Pro-inflammatory macrophages utilize glutamine metabolism and
arginine synthesis to produce NO, which is key in antimicrobial responses. In contrast,
macrophage responses to anti-inflammatory stimuli, such as Th2 cytokines, typically shift toward
sustainable energy sources, such as oxidative phosphorylation and fatty acid oxidation (20,21).
Additionally, anti-inflammatory macrophages have increased flux through the arginase pathway
to help promote wound healing functions (22). Understanding the metabolic signalling associated
with both pro- and anti-inflammatory could help target dysregulated polarization and chronic
inflammation. Therefore, investigating metabolic regulators could be beneficial in understanding

how metabolism impacts inflammatory activation.



1.2 AMPK

AMPK is an evolutionarily conserved heterotrimeric serine/threonine kinase involved in
regulating metabolism to maintain energetic homeostasis. Specifically, AMPK is comprised of
three subunits, a, B, and y, for which there are multiple genes and even more splice variants that
show tissue-specific patterns of expression (23). As a master regulator of cellular metabolism,
AMPK senses when AMP/ATP ratios are high, meaning cellular energy levels are low, and
becomes activated to turn off energy-consuming anabolic pathways and switch on energy-

producing catabolic pathways (24).

AMPK activation occurs when AMP or ADP binds to the y regulatory subunit, causing a
conformational change that allows for phosphorylation at threonine 172 in the activation loop by
upstream kinases liver kinase B1 (LKB1), Ca?*/Calmodulin-dependent protein kinase kinase B

(CaMKKZp) or transforming growth factor-p (TGF-f)-activated kinase 1 (TAK1)) (25,26).

1.2.1 AMPK Function

Upon activation, AMPK phosphorylates over 100 downstream targets, impacting many
branches of cellular metabolism. AMPK has a well-defined role in regulating fatty acid and
cholesterol synthesis through the phosphorylation of acetyl-CoA carboxylase (ACC) and 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) (27,28). Additionally, AMPK
inhibits protein synthesis through inactivation of mTORCI via phosphorylation of the regulatory
associated protein of TOR (Raptor) and upstream regulator tuberous sclerosis complex 2 (TSC2)
(29,30). Inhibition of mMTORCT restricts its ability to activate signalling cascades associated with
energy consumption. Furthermore, AMPK also promotes autophagy, a degradative mechanism
used to generate energy, by conserving autophagy machinery, which allows autophagy to proceed

after the energetic stress subsides (31).



1.2.2 AMPK in Health and Disease

AMPK, as an energy and nutrient-sensing kinase, is affected by the accumulation of excess
nutrient levels. Overnutrition associated with metabolic disorders including, obesity, type Il
diabetes, atherosclerosis, and fatty liver disease, leads to dysregulated AMPK activity (10,24,32).
Research shows that immune cells exhibit increased pro-inflammatory function with a lack of
AMPK activity (10). Free fatty acids or bacterial endotoxins such as LPS inhibit upstream kinase
LKB1, preventing AMPK activation. Conversely, increased AMPK activity is associated with
anti-inflammatory immune cell function and is linked to caloric restriction and exercise, which
stimulate fatty acid oxidation, energy expenditure, and preserve mitochondrial homeostasis,

making AMPK an attractive therapeutic target for metabolic and inflammatory diseases (33,34).

1.3 mTORC1

The serine/threonine kinase, mTOR, plays a vital role in cell growth and metabolism and
can exist as two complexes, mMTORCI or mTORC2. mTORCI promotes cell growth and
metabolism, while mTORC2 regulates cell growth and survival (35). mTORCI1 consists of mTOR,
Raptor, G protein 3 subunit-like protein (GBL) / mammalian lethal with SEC13 protein 8§ (mLSTS),
DEP-domain-containing mTOR-interacting protein (Deptor), and the 40 kDa proline-rich Akt
substrate (PRAS40) (36). In contrast, mMTORC2, regulated by a rapamycin-insensitive companion
of mammalian target of rapamycin (Rictor), is made up of GBL/mLST8, proline-rich protein 5
(PRR5), Deptor, and mammalian stress-activated protein kinase-interacting protein (mSIN1) (36—

39).

Under conditions of energy and nutrient surplus, mTORCI is activated by a signalling

cascade involving the activation of Phosphoinositide 3-kinases (PI3K) and Akt, which inhibit



mTORCI1 regulators, TSC2 and AMPK (40). Additionally, amino acids also activate mTORC1

via Rag GTPases, recruiting mTORCI1 to the lysosome for activation (41).

1.3.1 mTORC1 Function

mTORCI controls anabolic pathways and cell growth by activating targets involved in
protein, lipid and nucleic synthesis and inhibition of autophagy. Key targets include eukaryotic
translation initiation factor 4E binding protein 1 (4EBP1), ribosomal protein S6 kinase beta-1
(S6K), and Unc-like kinase (ULK1) (42—44). 4EBP1 and S6K are directly involved in protein
synthesis. In its non-phosphorylated form, 4EBP1 inhibits protein synthesis by binding to the
eukaryotic translation initiation factor 4F (elF4F) complex. When active, mTORCI
phosphorylates 4EBP1 to cause its dissociation from the eI[F4F complex, allowing it to participate
in translation initiation (42). The phosphorylation of S6K is responsible for promoting mRNA
translation through phosphorylation of ribosomal protein S6 (43). When mTORC1 phosphorylates
ULK1, the autophagy-related protein is prevented from interacting with AMPK and facilitating
autophagy (44). mTORCI also inhibits AMPK via phosphorylation of the a1l and @2 subunits to

prevent catabolic metabolism (45).

1.3.2 mTORCI in Health and Disease

MTORCL is vital for cellular homeostasis, promoting cell growth and producing necessary
macromolecules. However, constitutive activation leads to lipid accumulation and adiposity,
linked to metabolic disorders like obesity and type Il diabetes (46,47). Dysregulated mTORC1
activity is also implicated in various cancers and chronic inflammatory diseases involving
macrophage dysfunction, such as sarcoidosis and atherosclerosis (48-50). Chronic mTORCL1

activation also impairs vital catabolic pathways by directly regulating AMPK. (45). The



dysregulation of cellular homeostasis underpinning many diseases hinges on the balance between

activation and inhibition of AMPK and mTORC1.

1.4 The interplay between AMPK and mTORC1

The communication between AMPK and mTORCI is integral to resource conservation.
Under conditions of nutrient starvation, AMPK becomes activated and phosphorylates multiple
targets to inhibit mTORCI activity. One known regulation point is through phosphorylation of
TSC2 at S1387 and T1227, which acts as a GTPase activating protein to rheb, facilitating the
hydrolysis of GTP to inactivate mTORC1 complex (29). Additionally, AMPK can directly
phosphorylate Raptor at S722 and S792 to inhibit the activity of mTORCI via 14-3-3 binding
motif inhibition (30). The last known point AMPK uses to inhibit mMTORCI1 activity is through
phosphorylation of WDR24 in the Gator complex at S155 (51). AMPK becomes activated by
glucose deprivation and then phosphorylates WDR24, which destabilizes the GATOR complex,
which is integral for mTORCI1 activation. Conversely, under conditions of nutrient excess,
mTORCI becomes active and can phosphorylate AMPK at the a1 subunit at Ser347 and the a2
subunit at Ser345, suppressing AMPK activity and promoting anabolic metabolism (45). Both
AMPK and mTORCI1 have many roles in regulating cellular homeostasis. The various cellular
functions regulated by these kinases make them crucial for various cellular functions, particularly

immune cell regulation.

1.5 Rationale

Metabolism is crucial for macrophage responses. Master regulators of metabolic programs
such as mMTORCI1 and AMPK have been shown to have, although sometimes conflicting, roles in
regulating macrophage polarization. Models of mTORCI1 overactivity via TSC1 KO show

increased pro-inflammatory macrophage signatures as shown by transcribed and translated levels



of TNFa and IL6. Furthermore, these same macrophages polarized using anti-inflammatory
stimuli have a diminished response, as shown by enzymatic activity and lack of transcription of
key markers of anti-inflammatory activity, including Arg/ and Fizzl. Conversely, LPS-polarized
macrophages lacking mTORCT1 activity due to mTOR or Raptor KO have increased transcription
of Tnfa, 116, and Il1f and subsequent secretion of these genes, indicating a heightened pro-
inflammatory response (12). The conflicting data from these papers complicates the
AMPK/mTORCI signalling axis's role in macrophage activation and polarization. Although each
of these studies cuts off a signalling node through which AMPK employs mTORCI regulation, it
is difficult to discern if the effects seen are due to the activity of mTORCI1 or the knocked-out
proteins. To better understand how the signalling between these two integral proteins may impact
macrophage function, a unique mouse model where the phosphorylation sites presumed to be
responsible for AMPK-mediated mTORC1 regulation, serine 1387 on TSC2 and serine 722/792
on Raptor have been mutated to alanine (double knock-in mice; DKI) was used, thereby removing
metabolic control on this crucial anabolic pathway. Using a subtle model in which single amino
acids are changed to remove communication between kinases allows for the investigation of this
specific signalling axes in macrophage function and provides a level of clarity not afforded by

traditional models where a whole protein is knocked out.

1.6 Hypothesis and Objectives

Metabolic regulation of mTORC1 conferred by AMPK is critical for macrophage
metabolism and polarization. Removing this regulatory control, macrophages will be skewed
toward a more pro-inflammatory phenotype due to altered metabolic programming. To test this
hypothesis, the first objective will be to characterize the Raptor/TSC2 knock-in model by

measuring activity downstream of mMTORCL1. Next, macrophage metabolism will be assessed by



measuring autophagy initiation, protein translation, oxygen consumption, extracellular
acidification, lactate secretion, and citrate synthase activity. Finally, macrophage polarization will
be interrogated by measuring the transcription of known inflammatory genes, secretion of

inflammatory mediators, and enzymatic activity associated with macrophage polarization states.



Chapter 2: Materials and Methods

2.1 Animals

Raptor 57224 57924 mice were generated as previously described (52). Briefly, Raptor 57724
$7924 were generated in utero using CRISPR/Cas9 with gRNA and donor dsDNA on a C57BL/J6
background. TSC3'3%74 were generated in utero using CRISPR/Cas9 with gRNA and donor dsSDNA
on a C57BL/J6 background. Raptor 37224 57924 were then crossed with TSC253874 to generate WT
and DKI mice (Raptor 57224: 57924, TSC2513874) Mice were maintained on a 12-h light/dark cycle
(lights on at 7:00 a.m.) and housed at 23°C with bedding enrichment. Male and female mice ages

8-30 weeks were used to generate primary macrophages, as described below. The University of

Ottawa Animal Care Committee approved all animal procedures.

2.2 Primary cell isolation and culture

Bone marrow-derived macrophages (BMDM) were isolated and cultured as previously
described (10,53). Briefly, bone marrow cells were obtained from the femur and tibia by
centrifugation (54). Cells were differentiated into macrophages using 20% L1929-conditioned
media in complete DMEM (Wisent) containing 10% FBS (Wisent) and 1%
penicillin/streptomycin. Bone marrow cells were plated into 15 cm dishes and allowed to
differentiate for 68 days. Cells were lifted by gentle scraping in 10 mM EDTA in PBS, counted,
and seeded into culture plates for experiments (7.5 x 10* for 96-well plates, 5.5 x 10° for 12-well
plates, and 1.5 x 10° for 6-well plates). Macrophages were polarized with 20 ng/mL recombinant

IL4 (Peprotech) or 100 ng/mL LPS (E. coli: B4, Sigma-Aldrich).

10



2.3 Western Blot

BMDM were washed once with PBS and lysed using cell signaling technology lysis buffer
(20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% Triton X-100, 50 mM NaF, 1 mM EGTA, 1 mM
EDTA, 25 mM pyrophosphate, 2 mM bis(glycerophospho)glycerol, 1 mM sodium
orthovanadate). Protein concentration was determined using the bicinchoninic acid assay (BCA),
and samples were equalized. Denaturing loading dye was added to the sample and then boiled for
5 min at 95°C. Samples were loaded into a 10% or 12% SDS-PAGE gel and ran at 110V until
adequate separation was achieved. Gel was then transferred onto a methanol-activated
polyvinylidene difluoride (PVDF) membrane using the Trans-Blot® Turbo™ Transfer System and
Buffer (Bio-Rad) for 20 minutes at 25V. Following the transfer, the membrane was incubated in
5% bovine serum albumin (BSA) in TBST (20 mM Tris, 150 mM NacCl, 0.05% Tween® 20) for 1
hour at room temperature. The membrane was cut at appropriate locations and the section was
placed with primary antibodies (Table 1) at 4°C overnight. Antibodies were diluted 1:1000 in 5%
BSA. The next day, membranes were washed four times in TBST. Membranes were placed in a
secondary Anti-rabbit IgG HRP-linked Antibody (Cell Signalling Technology 7074S) for one hour
at room temperature. After the secondary antibody incubation, membranes were washed four times
in TBST. Membranes were activated with Clarity™ Western ECL solution (BioRad), and protein
bands were visualized with LAS 4010 ImageQuant Imaging System (General Electric) or
ChemiDoc™ MP Imaging System (BIO-RAD). Band contrast was adjusted using ImageJ

software.
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Table 1. List of Primary Antibodies.

Target

Manufacturer

beta-Actin (13E5) Rabbit mAb HRP Conjugate

Cell Signalling Technology #5125S

phospho-S6 Ribosomal Protein (Ser235/236) (91B2)

Rabbit mAb

Cell Signalling Technology #4857

S6 Ribosomal Protein (5G10) Rabbit mAb

Cell Signalling Technology #2217

Phospho-p70 S6 Kinase (Thr389) (108D2) Rabbit

mADb

Cell Signalling Technology #9234

p70 S6 Kinase (49D7) Rabbit mAb

Cell Signalling Technology #2708

Phospho-4E-BP1 (Thr37/46) (236B4) Rabbit mAb

Cell Signalling Technology #2855

4E-BP1 (53H11) Rabbit mAb

Cell Signalling Technology #9644

Phospho-Acetyl-CoA Carboxylase (Ser79) (D7D11)

Rabbit mAb

Cell Signalling Technology #11818

Acetyl-CoA Carboxylase (C83B10) Rabbit mAb

Cell Signalling Technology #3676

Phospho-Tuberin/TSC2 (Ser1387) (D2R3A) Rabbit

mADb

Cell Signalling Technology #23402

Tuberin/TSC2 (D93F12) XP® Rabbit mAb

Cell Signalling Technology #4308

Phospho-Raptor (Ser792) (E4V6C) Rabbit mAb

Cell Signalling Technology #89146

Raptor (24C12) Rabbit mAb Antibody

Cell Signalling Technology #2280

Phospho-ULK1 (Ser555) (D1H4) Rabbit mAb

Cell Signalling Technology #5869

Phospho-ULK1 (Ser757) (D706U) Rabbit mAb

Cell Signalling Technology #14202

ULK1 (D8H5) Rabbit mAb

Cell Signalling Technology #8054

LC3B (D11) XP Rabbit mAb

Cell Signalling Technology #3868

SQSTM1/p62 (D1Q5S) Rabbit mAb

Cell Signalling Technology #39749

Phospho-Atgl14 (Ser29) (D4B8M) Rabbit mAb

Cell Signalling Technology #92340

Atg14 (DLALN) Rabbit mAb

Cell Signalling Technology #96752
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2.4 Click Chemistry

Following treatments, BMDM were labelled using 20 uM O-propargyl puromycin for 30
minutes to label newly translated peptides. Cells were then washed once with PBS and lysed using
denaturing lysis buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% IGEPAL
CA-630, 0.5% triton X-100, 100 uM sodium orthovanadate, and protease inhibitor cocktail (EDTA
free)). Protein concentration was determined using the bicinchoninic acid assay (BCA), and
samples were equalized. Click chemistry was performed as previously described (55), the protein
samples were incubated in a buffer containing 1 mM CuSO4, 2 mM THPTA, 10 mM sodium
ascorbate, and 2 uM Alexa fluor 647 azide, for 30 minutes. The clicked protein lysate was then
precipitated using a methanol chloroform extraction to remove excess dye from the samples.
Samples were resuspended in 0.5 M EDTA and 30% SDS in PBS. Once samples were in solution,
SDS was diluted to 3% using PBS. Denaturing loading dye was then added. Samples were
separated using a 10% SDS-PAGE gel with trichloro ethanol (TCE) as a loading control and ran
at 110V until adequate separation was achieved. Gels were imaged using a Chemi Doc MP
Imaging System (BioRad) using the 594 nm laser.
2.5 Extracellular Flux Assays

Cells were seeded at 75,000 cells/well and cultured in XFe96/XF Pro Cell Culture
Microplates (Agilent). Extracellular flux analysis was performed using an adapted MitoStress Test
Kit (Agilent). Cartridge ports were loaded with 10x concentrations of drugs: 15 pM oligomycin,
140 uM BAMI15 (Cayman Chemicals), and 10 uM rotenone/10 pM antimycin A/20 uM Hoechst
33342 (56). Data were normalized by cell counts obtained by nuclear Hoechst 33342 quantification
on an EVOS FL Auto 2 (ThermoFisher) microscope and Qupath (University of Edinburgh).

Bioenergetics were calculated using a worksheet template.
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2.6 Citrate Synthase Assay

BMDM were washed once with PBS and lysed using RIPA lysis buffer (25 mM Tris-HCI,
150 mM NaCl, 1% NP-40, 0.1% SDS, 5 mM EDTA, 1% sodium deoxycholate, protease inhibitor
cocktail tablet). An aliquot of protein lysate was taken to determine the concentration to use for
normalizing. 20 uL of the sample was incubated with 200 uL of 0.1 mM Acetyl CoA, 0.2 mM
5,5'-Disthiobis(2-bitrobenzoic acid) (TNB), and 5 mM oxaloacetate. Sample absorbances were
read every 15 seconds for 10 minutes at 412 nm using a BioTek Gen5 plate reader (Agilent). The

following equation was used to determine enzymatic activity from absorbance reading.

( AAbsorbance in OD ) Volume of reaction (pL)
= *
Pathlength * Extinction Coef ficient * Stiochiometry of TNB Volume of sample (uL) * Protein concentration (mg)

2.7 Lactate Assay

BMDM supernatants were collected to determine lactate concentration as previously
described (57). To deproteinize samples, 15 pL of supernatant and 15 pL of 12% perchloric acid
were combined, incubated for 15 minutes at 4°C, and then spun at 12,000 x g for 12 minutes at
4°C, pelleting protein and cell debris. 5 uLL deproteinized supernatant was transferred to a 96-well
plate. Standards were added to the 96-well plate using 0.1 - 15 mM L-lactate in 50 mM potassium
phosphate. 150 uLL of master mix (pH 9) containing 0.4 M hydrazine hydrate, 0.5 M glycine, and
6 mM B-NADT (Sigma) was added to each well. An initial absorbance was measured at 340 nm
using a BioTek Gen5 plate reader. Next, each well received 50 pL of start mix (pH 9) containing
0.4 M hydrazine hydrate, 0.5 M glycine, and 5 mg/mL lactate dehydrogenase (Sigma). The
reaction was mixed for 20 minutes, and a final absorbance was obtained. The OD of each sample
was corrected to the OD of the blank, and lactate levels were calculated according to the standard

curve.
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2.8 Transcript Expression

Total RNA was isolated from BMDM using the TriPure reagent protocol (Roche Life
Sciences). Isolated RNA was resuspended in RNase/DNase-free water (Wisent) and equalized
using BioTek Genb5 plate reader RNA quantification setting. An all-in-one RT kit (ABM) was used
to synthesize cDNA using T100 Thermal Cycler (BioRad). To determine transcript expression, the
QuantiNova™ Probe PCR kit (Qiagen) was used in combination with BlastTag™ 2X gPCR
MasterMix (ABM) with custom-designed primers (ThermoFisher). Comparative gPCR reactions

were run on the Roto-Gene Q (Qiagen).

2.9 Enzyme-Linked Immunosorbant Assay (ELISA)

Cell supernatants were analyzed for TNFa, IL6, and IL10 cytokines using DuoSet® ELISA
Development Systems (R&D Systems). Briefly, 96-well plates were coated with 50 uL of capture
antibody overnight at room temperature. Plates were washed four times with 0.05% Tween in PBS.
150 uL of 1% BSA in PBS was added to each well and incubated for one hour at room temperature.
Plates were washed again, and 50 pL of standards (15.6 — 1000 pg/mL for IL6 or 31.25 — 2000
pg/mL for TNFa and IL10) or samples, diluted in 1% BSA in PBS were added to each well and
left to incubate for two hours at room temperature. Plates were washed again, and 50 uL of
detection antibody, diluted in 1% BSA in PBS, was added to each well and left to incubate at room
temperature for two hours. Plates were washed, and 50 uL of streptavidin-horseradish peroxidase
was added for 30 minutes. Again, plates were washed, and 50 uL of substrate solution was added
to each well for 20 minutes. To stop the colour reaction, 50 puL of 2N H2SO4 was added to each
well, and the OD was measured at 540 nm using BioTek Genb plate reader. The OD of each sample
was corrected to the OD of the blank, and cytokine levels were calculated according to the standard

curve.
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2.10 Arginase Activity Assay

Arginase activity in BMDM was determined as previously described (57,58). Briefly, cells
were washed once with PBS and lysed using 100 uL of 0.1% Triton X-100 and 25 mM Tris-HCI
(pH 7.5) supplemented with a protease inhibitor cocktail. 10 pL. of samples and urea standard
ranging from 0.5 - 50 ug/uLL were incubated with 3.5 puLL of MnCl2 for 10 minutes at 56°C using
T100 Thermal Cycler (BioRad) to activate arginase. Next, 10 uL of 0.5 M L-arginine (pH 9.7) was
added to the reaction; samples were placed back in the T100 Thermal Cycler (BioRad) for 60
minutes at 37°C. The reaction was stopped using 90 uL of stop solution containing 35% H2SO4/
27% HsPOa4/ 38% H20, and 4 uL of 9% a-Isonitrosopropiophenone was added and the reaction
was incubated for 30 minutes at 95°C. Reactions were removed from the T100 Thermal Cycler
(BioRad) and transferred to a 96-well plate. OD was measured at 540 nm using a BioTek Gen5
plate reader. The OD of each sample was corrected to the OD of the blank, and arginase activity

levels were calculated according to the standard curve and the following equation.

B [Urea] * Volume of reaction (nL)
"~ Volume of sample (pL) * time incubated at 37°C * 1000

2.11 Griess Assay — Quantification of Nitric Oxide

Cell culture supernatants were collected to determine nitric oxide secretions from cells. 50
uL of cell supernatant or standard curve (sodium nitrite in H20 ranging from 10 — 100 uM) was
combined with 50 pL of Griess reagent (1% sulfanilamide, 2.5% phosphoric acid, 0.1% N-(1-
naphthyl) ethylenediamine dihydrochloride in H20) in a 96-well plate. OD was then measured at
540 nm using a BioTek Gen5 plate reader. The OD of each sample was corrected to the OD of

the blank, and nitrite levels were calculated according to the standard curve.
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2.12 Statistical Analysis

Statistical analysis was completed using GraphPad PRISM software (version 10.0,
GraphPad Software Inc., La Jolla, CA, USA). The normality of data was assessed using the Shapiro-
Wilk test (o = 0.05). For normally distributed data, differences between groups with a single variable
were determined using an unpaired t-test with Welch’s correction. For non-normally distributed data,
differences between groups with a single variable were determined using an unpaired Mann-Whitney
U test. For data with two or more variables, a two-way analysis of variance (ANOVA) with Sidak’s
test for multiple comparisons was used. Data are presented as means + standard error of the mean

(SEM). Statistical significance was established at P < 0.05. Graphs are shown as meanzxs.e.m.
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Chapter 3: Results

3.1 Characterizing the DKI model

3.1.1. DKI model validation

Raptor S72% 5792 and TSC251%87 are three of the known phosphorylation sites AMPK
phosphorylates to regulate mTORC1 activation (29,30). To understand the importance of AMPK
regulation through Raptor and TSC2, a phospho-deficient model where AMPK target sites were
mutated from serine to alanine was used. Western blot analysis was performed on naive BMDM
protein lysate from WT, Raptork!, TSC2X!, and DKI mice (Figure 1). The model was assessed
under conditions of pharmacological AMPK activation using 10 uM MK-8722 to confirm the lack
of phosphorylation at these sites, and it was established that phosphorylation of these sites was

ablated (Figure 1).

In TSC2X! and DKI BMDM, phosphorylation of TSC25%387 was absent while total TSC2
protein expression remained constant between samples (Figure 1). Similarly, Raptork!' and DKI
BMDM exhibited a lack of phosphorylation of RaptorS’®?, while total Raptor protein expression
remained constant between samples (Figure 1). Therefore, the DKI model effectively eliminated
three known phosphorylation sites AMPK employs to regulate mTORCL1, rendering the model

resistant to AMPK-mediated phosphorylation through TSC2 and Raptor.
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Figure 1. TSC2K!, RaptorX!, and DKI are resistant to AMPK-mediated phosphorylation

BMDM from WT, RaptorK!, TSC2X!, and DKI mice were cultured for 20 hours and then treated

with 10 uM MK-8722 for 0, 2, or 4 hours prior to collection of protein lysate for western blot

analysis (n=1).
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3.1.2 Signalling downstream of AMPK and mTORC1

Both  AMPK and mTORC1 function as serine/threonine Kkinases. Monitoring
phosphorylation of these sites measures mMTORC1 signalling, thus indicating mTORCL activity.
To measure protein signalling, western blotting was performed for targets downstream of
mTORC1 involved in translation initiation, including 4EBP173746 and S6KT™38°, which in turn
phosphorylates S6524546 and for targets downstream of AMPK including, ACCS7, which inhibits

fatty acid synthesis (Figure 2) (59,60).

Western blots were performed on protein lysate from naive, LPS- and IL4-polarized for 24
hours BMDM from WT and DKI mice (Figure 3). BMDM were treated for one hour with 10 uM
MK-8722 to activate AMPK or 250 nM Torinl to inhibit mTOR activity. Naive DKI BMDM
exhibited unaltered mTORCL1 activity as indicated by consistent phosphorylation of targets
downstream, including S6KT389, 565245246 and 4EBP1737/46 in comparison to WT BMDM (Figure
3A). Furthermore, there was no consistent change in the phosphorylation of ACCS™, indicating

that the DKI model may not impact AMPK signalling (Figures 1 and 3A) (45).

LPS- and IL4-polarized DKI BMDM showed elevated mTORC1 activity as demonstrated
by increased phosphorylation of targets downstream including S6KT38°, S6S245/246  and
4EBP1T%746 compared to WT BMDM (Figure 3B). Additionally, ACCS™ phosphorylation levels
remained consistent between genotypes with LPS-polarized BMDM exhibiting lower expression
than 1L4-polarized BMDM, likely due to higher levels of AMPK activity in IL4-polarized
macrophages (61). Furthermore, LPS- and IL4-polarized WT BMDM demonstrated a decrease in
phosphorylation of S6KT8° and S65245246 when AMPK was activated pharmacologically.
However, DKI BMDM showed minimal change in phosphorylation of downstream targets with

AMPK activation, which indicated resistance to AMPK-mediated mTORC1 regulation.
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Figure 2. A schematic of phosphorylation targets downstream of AMPK and mTORCL.

Green phosphate groups are activating, and red phosphate groups are inhibiting.
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Figure 3. DKI macrophages have higher expression of targets downstream of mTORC1.

(A) BMDM were cultured for 23 hours and then treated with 10 uM MK-8722 or 250 nM Torinl
for 1 hour prior to collection of protein lysate (n=4). (B) BMDM were polarized using 100 ng/mL
LPS or 20 ng/mL IL4 for 23 hours Following the polarization, cells were treated with 10 uM MK-
8722 or 250 nM Torinl for 1 hour prior to collection of protein lysate (n=4). (C, D) Pixel density

of the (B) polarized blot image was determined using ImageJ for (C) S6K and (D) Sé6.
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3.2 Metabolic characterization of WT and DKI macrophages

3.2.1 Disrupted AMPK/mTORCT signalling does not impact autophagy initiation
Autophagy is tightly regulated by both AMPK and mTORC1 (44,62). Previous studies
show that mTORC1 inhibits autophagy through phosphorylation of ULK 15757 in mice (Figure 4)
(63). However, the notion that AMPK promotes autophagy initiation through phosphorylation of
ULKS under conditions of energetic stress to maintain cellular homeostasis was recently
challenged (64). Instead, it was shown that AMPK inhibits ULK1 activity to suppress autophagy
initiation during conditions of energetic stress while safeguarding the ULK1-associated machinery

to promote autophagy initiation when cellular homeostasis has been achieved (31).

To investigate the impact of the DKI model on autophagy initiation, western blots for
autophagy initiation targets, ULKS7 and ATG1452°, were performed on protein lysate from naive,
LPS- and IL4-polarized BMDM from WT and DKI mice (Figure 4). Autophagy initiation was
impacted by conditions of AMPK activation using 10 uM MK-8722 or inhibition of mMTORC1
using 250 nM Torinl in both WT and DKI BMDM of all polarizations. Under AMPK -activated
conditions, expression of ULK157>" was increased and expression of ATG1452° was decreased,
indicating AMPK activation decreases autophagy initiation (Figure 5). The AMPK-mediated
reduction in autophagy initiation matches that of previous research establishing the role AMPK
plays in safeguarding autophagy machinery rather than promoting initiation (31). However, under
conditions of mTORCL1 inhibition, ULK1S5" expression decreased while ATG145%° expression
increased, indicating autophagy initiation increased. Increased autophagy initiation in response to
lack of mMTORCL1 activity aligns with previous studies that established the role mTORCL1 plays in

autophagy inhibition (44). Furthermore, amongst both WT and DKI BMDM, ULK 15757 expression
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matched that of total ULK1 expression after only one hour of treatment with 10 uM MK-8722 or

250 nM Torinl, indicating expression of phosphorylated ULK1 is driven by total ULK expression.
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Figure 4. A schematic showing autophagy initiation downstream of AMPK and mTORC1

Green phosphate groups are activating, and red phosphate groups are inhibiting.
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Figure 5. The Raptor/TSC2 KI mutation does not change autophagy initiation.

(A) BMDM were cultured for 23 hours either with or without 100 ng/mL LPS or 20 ng/mL IL4,

then treated with 10 uM MK-8722 or 250 nM Torinl for one hour prior to collection of protein

lysate (n=3). (B, C) Pixel density of the polarized blot image was determined using ImageJ for

(B) ULK1 and (C) ATG14.
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3.2.2 Heightened mTORCT1 activity does not affect protein translation

Under conditions of cellular homeostasis and nutrient-excess, mTORC1 is activated and
facilitates the assembly of translation initiation machinery (65). Specifically, mMTORCI triggers
the S6K signalling cascade, allowing S6 to contribute to translation initiation, and phosphorylates
4EBP1, which frees elF4E to participate in the initiation of translation (42,43). Thus, in the DKI
model, where mMTORCI1 cannot be regulated by nutrient depletion and energetic stress, translation

rates should be higher even under AMPK-activated conditions.

To assess rates of protein translation, O-propargyl puromycin (OPP; a biorthogonal version
of puromycin), which is a tRNA analog that can be incorporated into a growing polypeptide to
inhibit protein synthesis, was added to culture to label newly synthesized peptides. Alexa Fluor
647 azide dye was linked to the OPP group using click chemistry to visualize of newly synthesized
peptides. Cells were also treated with 20 uM cycloheximide (CHX), a translation inhibitor, as a
negative control in the experiment. In naive BMDM, there were no differences in rates of newly
synthesized peptides between WT and DKI groups treated with MK-8722 at various times or
cycloheximide (Figure 6). There were no differences in translation rates between polarizations
(Figure 7). Under AMPK-activated conditions, translation rates increased in both LPS- and 1L4-
polarized groups in both genotypes. Additionally, BMDM treated with CHX had significantly
reduced translation rates, which was expected given its role in inhibiting translation (66). Overall,
DKI BMDM polarized with LPS or IL4 showed no change in global translation rates compared to
WT cells (Figure 7). Hence, these results indicate that increased mTORCI activity causes
heightened expression and activation of proteins associated with translation initiation. However,

this does not increase global rates of protein synthesis in BMDM.

27



120mi I .
Translation in Naive Macrophages
A O N\ N\ N N N\
A LFELFELFEL LS B
§ 57 o WT
MK-8722 (10pM) = = = = + + + + + + - - 3 o
OPP(10pM) - = + + + + + + + + + + §4_ o o DKI
CHX(20pM) - = = = = = = = - - + + s o 9
a5 ) 7
= P
: I
2 24 ¥
B oz |l
S 1 HH N b
: afl
) ¥ ... .
o 0= T T T
OPP (20 uM) - + + + + 4+
DMSO - + - - - -
MK-8722 (10 uM) - - + + + -
: CHX (20 uM) - - - - - +
T G e — - . e P [ I | Iy —
30min 60min 120min

Figure 6. Disrupting AMPK-mediated mTORC1 regulation does not increase global

translation in naive BMDM.

(A) BMDM were cultured for 22.5 hours and then treated for indicated time points with 10 uM
MK-8722 or treated with 20 uM cycloheximide (CHX) for 1 hour (n=4). For the last 30 minutes
of cell treatments, 10 uM O-propargyl puromycin (OPP) was added to culture to label growing
peptides. (B) The pixel density of the gel image was determined using ImageJ. The dotted line
indicates the background as determined using the first lane of A, where no OPP was added. Graphs

are shown as meanzs.e.m.
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Figure 7. Disrupting AMPK-mediated mTORCL1 regulation does not increase translation in

polarized BMDM.

(A) BMDM were cultured for 22.5 hours 100 ng/mL LPS or 20 ng/mL IL4 for 22 hours, then
treated for 1.5 hours 10 uM MK-8722 or 250 nM Torinl (n=3). For the last 30 minutes of cell
treatments, 20 uM O-propargyl puromycin was added to culture to label growing peptides. (B)
The pixel density of the gel image was determined using ImageJ. The dotted line indicates the
background as determined using the first lane of A, where no OPP was added. Graphs are shown

as meants.e.m.
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3.2.3 The AMPK/mTORCT signalling axis impacts mitochondrial respiration

As master metabolic regulators, both AMPK and mTORC1 regulate metabolic homeostasis
and mitochondrial function. AMPK has been shown to regulate mitochondrial biogenesis and
dynamics, while mMTORC1 has been implicated in regulating mitochondrial oxygen consumption
and oxidative capacity (67,68). The cell mito stress test enables the assessment of mitochondrial
respiration, measured by oxygen consumption rate (OCR), and glycolytic capacity, measured by

extracellular acidification rate (ECAR).

In naive and LPS-polarized BMDM, DKI cells exhibited higher OCR and ECAR compared
to the WT cells (Figure 8A-D). IL4-polarized DKI BMDM showed similar rates of oxygen
consumption and extracellular acidification compared to WT cells (Figure 8E-F). The observed
OCR and ECAR align with the typical profiles of macrophages polarized with each stimulus. Pro-
inflammatory macrophages stimulated with LPS or IFNy typically exhibit lower OCR compared

to unstimulated or cells stimulated with anti-inflammatory Th2 cytokines such as IL4 (69,70).

Naive and LPS-polarized DKI BMDM exhibited higher basal oxygen consumption rates,
proton leak, spare respiratory capacity, and ATP production compared to the WT group (Figure
9A, B, C, D). Additionally, naive DKI BMDM showed significantly higher rates of non-
mitochondrial oxygen consumption compared to the WT BMDM (Figure 9E). LPS-polarized DKI
BMDM displayed lower coupling efficiency rates compared to the WT group (Figure 9F). There
were no discernible trends between the WT and DKI IL4-polarized groups. Given the increased
OCR and ECAR, DKI BMDM are more metabolically active than WT cells. These cells likely
utilize more oxygen to produce energy through the electron transport chain and acidifying media

through increased activity through various metabolic pathways.
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Figure 8. Increased mTORC1 activity alters mitochondrial function.

(A, C, E) Oxygen consumption rates and (B, D, F) extracellular acidification rates were measured
in BMDM cultured for 24 hours with (A, B) no stimulus, (C, D) 100 ng/mL LPS, or (E, F) 20
ng/mL IL4 prior to the mito stress test using 1.5 uM Oligomycin, 14 uM Bam15, 1 uM Rotenone,
and 1 uM AntimycinA (n=4). Values were normalized cell count. Graphs are shown as

meanzs.e.m.
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Figure 9. DKI BMDM consume more oxygen than that of WT BMDM.
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(A-F) Oxygen consumption rates were measured in BMDM cultured for 24 hours with no stimulus,

100 ng/mL LPS, or 20 ng/mL IL4 prior to the mito stress test using 1.5 uM Oligomycin, 14 uM

Baml5, 1 uM Rotenone, and 1 pM AntimycinA (n=4). Values were normalized cell count. Graphs

are shown as meanzs.e.m. P values were determined using two-way ANOV A with Sidak’s test for

multiple comparisons.
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3.2.4 DKI macrophages have unaltered citrate synthase activity and decreased lactate
secretion

Citrate synthase is an integral enzyme to the TCA cycle and serves as a marker of
mitochondrial function within the electron transport chain, making it an ideal indicator to
understand changes in oxygen consumption rates (71). All polarizations showed no change in
citrate synthase activity (Figure 10A). The lack of change could indicate that the DKI mutation
does not impact cell metabolism through either the ETC or TCA cycle where citrate synthase
activity is integral. However, further tests are needed to confirm if the AMPK/mTORCL1 signalling

axis influences citrate synthase activity.

Extracellular acidification can provide further information about cellular metabolism.
Proton release occurs as a by-product through the hydration of CO- to carbonic acid from the TCA
cycle and the conversion of glucose to lactate (72,73). These processes reflect distinct metabolic
phenotypes, oxidative and glycolytic, respectively (74). However, the hydration of CO: releases
three times as many protons as lactate production (73). Therefore, measuring lactate secretion is a
way to investigate which phenotype the cells may be displaying. Naive and IL4-polarized DKI
BMDM showed a slight decrease in lactate secretion compared to the WT BMDM. At the same
time, LPS-polarized DKI BMDM exhibited a significant decrease in lactate secretion compared to
the WT cells (Figure 10B). Taken together, DKI BMDM may exhibit higher extracellular
acidification rates due to increased proton production from heightened flux through the TCA cycle.
Therefore, DKI BMDM may predominantly rely on the TCA cycle and oxidative phosphorylation
for ATP generation. The DKI cells adopt an oxidative phenotype, demonstrated by their elevated
oxygen consumption, increased extracellular acidification, and reduced lactate secretion compared

to WT BMDM.
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Figure 10. Lack of AMPK-mediated mTORCL1 regulation does not impact citrate synthase

activity and decreases lactate secretion.

(A) BMDM were cultured for 24 hours with no stimulus, 100 ng/mL LPS, or 20 ng/mL IL4 prior
to collection of protein lysate to measure enzymatic activity (n=5). (B)Lactate was measured in
supernatant collected from BMDM cultured for 24 hours with no stimulus, 100 ng/mL LPS, or 20
ng/mL IL4 (n=5). Graphs are shown as meanzs.e.m. P values were determined using two-way

ANOVA with Sidak’s test for multiple comparisons.
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3.3 Assessing macrophage polarization and inflammatory activity

3.3.1 DKI macrophages have altered expression of inflammatory genes

Metabolism has long been established as a driver of macrophage activation. Both AMPK
and mTORC1 influence macrophage polarization in vitro and in vivo. AMPK activity stimulates
an anti-inflammatory macrophage phenotype, whereas mTORC1 promotes the pro-inflammatory
phenotype (9,11). Gene expression is one of the first places where metabolism can impact
inflammatory activity. Hence, transcript levels were measured to start the polarization phenotyping

of this model.

DKI macrophages polarized with LPS exhibited heightened levels of pro-inflammatory
transcripts, 116 and 1115, compared to WT BMDM (Figure 11A, B). However, there were no
changes in transcript levels of Tnfaand 1110 between WT and DKI BMDM (Figure 11C, D). These
results suggest that DKI BMDM may possess a more pro-inflammatory phenotype, consistent with

previous studies investigating mTORC1 activity and macrophage polarization (11,75).

Furthermore, DKI cells polarized with 1L4 had less transcript expression of Ccl22, which
has been associated with anti-inflammatory responses, aligning with previous studies linking
overactive mTORCL1 with diminished anti-inflammatory macrophage responses (Figure 12A) (11).
However, IL4-polarized BMDM demonstrated increased transcript expression of Retnla, and there
was no change in 1110 and Argl, all associated with anti-inflammatory activity (Figure 12B-D).
Therefore, removing AMPK-mediated mTORCL1 regulation specifically affects inflammatory

transcripts in response to different inflammatory stimuli.
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Figure 11. Heightened mTORCI1 activity generally increases pro-inflammatory transcripts.

BMDM were cultured for 24 hours with 100 ng/mL LPS prior to isolation of RNA (n=5).
Transcript expression was normalized to the average expression of Actb and Hprt and was
expressed relative to naive WT BMDM. Graphs are shown as meanzs.e.m. P values were

determined using unpaird t-test with Welch’s correction.
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Figure 12. The Raptor/TSC2 KI mutation alters anti-inflammatory transcripts.

BMDM were cultured for 24 hours with 20 ng/mL IL4 prior to isolation of RNA (n=5). Transcript
expression was normalized to the average expression of Actb and Hprt and was expressed relative
to naive WT BMDM. Graphs are shown as meanzs.e.m. P values were determined using unpaired

t-test with Welch’s correction.
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3.3.2 Heightened mTORCT1 activity decreases pro-inflammatory cytokine secretion

Upon exposure to inflammatory stimuli, macrophages undergo activation, triggering the
transcription of inflammatory genes, which are subsequently translated and secreted from the cell.
These cytokines serve as signalling molecules, allowing macrophages to communicate with other
immune cells and coordinate a response to the inflammatory stimuli. Analyzing cytokine secretion
provides valuable information about macrophage polarization and offers insight into how the

surrounding environment may influence macrophage phenotype.

LPS-polarized DKI BMDM secreted significantly less TNFa and IL6 compared to the WT
BMDM (Figure 13A, B). However, no change was observed in IL10 secretions between WT and
DKI cells (Figure 13C). Despite unchanged Tnfa transcript expression between genotypes and
significantly higher 116 transcript expression in the DKI BMDM, there was decreased cytokine
secretion for both TNFa and IL6. This suggests that the DKI mutation may impact the translation
of these genes, warranting further investigation. Taken together, LPS-polarized DKI BMDM

exhibits reduced pro-inflammatory mediators compared to WT BMDM.
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Figure 13 DKI BMDM have reduced pro-inflammatory cytokine secretions.

(A-C) Supernatant was collected from BMDM cultured for 24 hours with 100 ng/mL LPS and

inflammatory cytokines were measured (n=5). Graphs are shown as meanzs.e.m. P values were

determined using (A) the unpaired Mann-Whitney U test or (B-C) the unpaired t-test with Welch’s

correction.
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3.3.3 Higher macrophage mTORCT1 activity decreases arginase activity and nitrite secretion

Previous studies have demonstrated that arginase and inducible nitric oxide synthase
(INOS) work in opposition (76). Arginase serves as a marker of anti-inflammatory macrophage
activity, and iNOS is a marker of pro-inflammatory activity. Arginase facilitates the hydrolysis of
arginine to ornithine and urea, which are involved in promoting wound healing and anti-
inflammatory activity in macrophages (77). NO, produced by iNOS from arginine and by non-
enzymatic synthesis from nitrite, is involved in the infection response produced by pro-
inflammatory macrophages (78,79). Additionally, research has shown that arginase can inhibit
INOS expression at the translation level, thereby inhibiting NO production (76). Investigating this

signalling pathway yields valuable insights into macrophage inflammatory phenotype.

IL4-polarized DKI BMDM may have exhibited lower levels of arginase activity in
comparison to WT BMDM (Figure 14A). The potential decrease in arginase activity could indicate
a diminished anti-inflammatory response in macrophages. LPS-polarized DKI BMDM had no
change in nitrite secretions measured in cell culture supernatant (Figure 14B). The potential
decrease in arginase activity and lack of change in nitrite secretion may indicate that arginine is
being converted to NO and citrulline by INOS, consistent with previous studies investigating
overactive mTORC1 and macrophage polarization (11,79). In summary, DKI macrophages
exhibited a diminished anti-inflammatory response characterized by a potential decrease in
arginase activity and have unchanged nitrite secretion, suggesting nitric oxide production occurs

through INOS activity, which would be a marker of pro-inflammatory macrophage activity.
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Figure 14. Lack of AMPK-mediated mTORCL1 regulation decreases inflammatory

responses.

(A) BMDM were cultured for 24 hours with 20 ng/mL IL4 prior to collection of protein lysate for
measurement of enzymatic activity (n=5). (B) BMDM were cultured for 24 hours with 100 ng/mL
LPS, and supernatant was collected to measure secretion of nitric oxide (n=5). Graphs are shown

as meanzs.e.m. P values were determined using an (A) unpaired t-test with Welch’s correction or

an (B) unpaired Mann-Whitney U test.
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Chapter 4: Discussion

4.1 Model Characterization

The intersection between the immune system and metabolism has increasingly been recognized
as important in the context of immune dysfunction and metabolic diseases such as obesity, type Il
diabetes, and atherosclerosis. Dysregulation of the AMPK/mTORCL has been identified as a key
contributor to immune cell dysfunction (9,11,12,61,75,80-84). Early research into this signalling
axis found that deletion of TSC1 leads to mTORC1 overactivity (11,84). Macrophages lacking
TSC1 display enhanced pro-inflammatory and diminished anti-inflammatory functions. To delve
deeper into how this signalling axis affects macrophage function, another study removed mTOR
or Raptor to reduce mTORC1 activity in macrophages (12). This study revealed that reduced
MTORC1 activity also increases pro-inflammatory macrophage phenotype, presenting a

contradiction that complicates the understanding of mMTORC1’s role in macrophage function.

Previous research investigating how the AMPK/mTORCL signalling axis may impact the
innate immune system primarily involved removing entire proteins, which could inadvertently
affect other pathways beyond the AMPK-mTORC1 communication (11,12,84). A precise point
mutant model targeting this crucial signalling node was used to determine if the skewed
polarization observed in these studies was due to a lack of AMPK-mediated mTORCL1 regulation.
Instead of removing proteins, which might have roles in other processes critical to macrophage
polarization, this study employed a model where multiple known sites AMPK uses to inhibit
mTORC1 activity were mutated from serine to alanine, preventing phosphorylation. This approach
ensured that any observed results directly stem from overactive mTORC1 due to the lack of

AMPK-mediated regulation.
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The model in this study maintained the functionality of all proteins and kinases, ensuring that
any observed outcomes were solely attributable to overactive mTORCL1 due to disrupted AMPK
communication. First, the absence of protein expression of the regulatory sites, RaptorS72%792 and
TSC251387 was confirmed (Figure 1). Subsequently, the activity of mTORC1 was measured by
monitoring the phosphorylation of validated downstream targets, S6KT38°, S65245246 and
AEBP1737/6 (Figure 3). There was a clear increase in phosphorylation downstream of mTORCI,
which indicated the DKI model had increased mTORCL1 activity, consistent with the findings from
the TSC1 KO study (Figure 3) (11). This heightened mTORC1 activity did not impact AMPK
function as measured by phosphorylation of ACCS™ (Figure 3). Thus, disrupting AMPK-mediated

MTORC1 regulation increases mTORC1 activity and does not impact AMPK function.

4.2 Cellular Processes and Metabolic Regulation

4.2.1 Autophagy

MTORC1 is a well-established autophagy inhibitor by direct phosphorylation of ULK1,
the kinase responsible for activating complexes involved in autophagy initiation. Autophagy
initiation is repressed under various contexts of mMTORC1 activation, such as nutrient surplus and
pharmacological activation (23). Conversely, AMPK was an established autophagy activator via
direct phosphorylation of ULKZ1. In almost all contexts, AMPK activation was synonymous with
autophagy initiation (44,62). However, this notion was recently challenged, and research has
shown that AMPK activation does not promote autophagy initiation (31). The role AMPK plays
in autophagy initiation was reframed. Rather, Park et al. (2023) showed that AMPK is responsible
for safeguarding autophagy-associated machinery to allow the process to occur after energetic
stress subsides (31,63). In the Raptor/TSC2 KI model, there was no genotype effect in autophagy

initiation, as indicated by the expression of proteins involved in the autophagy initiation pathway
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(Figure 5). However, clear treatment effects were observed in both the WT and DKI groups. Upon
AMPK activation, there was decreased phosphorylation of ATG145%, an autophagy initiation
target downstream of ULKI, indicating that AMPK inhibits this signal, which aligns with the
results from Park et al. (2023). Furthermore, pharmacological inhibition of mTOR using Torinl
decreased the phosphorylation of ULK 1577 and increased the phosphorylation of ATG145%,
indicating higher rates of autophagy initiation. Overall, the treatment effects observed in this study
align well with the work previously done investigating the role both AMPK and mTORCI play in
autophagy initiation (31). The work done in this study complements the reframed notion of the
role AMPK plays in autophagy initiation. However, the question of whether heightened mTORC1
activity impacts autophagy remains. Future work with this model should investigate other aspects
of autophagy, including lysosomal homeostasis and autophagic flux, to determine if the

Raptor/TSC2 KI model impacts other aspects of the process.

4.2.2 Protein Synthesis

It is well known that mTORC1 promotes anabolic pathways, including nucleotide, lipid
and protein synthesis. Often, phosphorylation of targets associated with translation initiation are
used as markers of mTORCI activity, including S6KT38, S65245/246 and 4EBP1T3746 (60).
However, promoting the formation of the translation initiation complex does not necessarily
indicate translation rates will be higher. AMPK, the guardian of energetic homeostasis, has a well-
established role in inhibiting translation, given the high amounts of energy translation consumes
to carry out the process. Specifically, AMPK can prevent translation initiation by inhibiting
mMTORC1 through phosphorylation of Gator, Raptor, and TSC2 to prevent activation of the
translation initiation complex. AMPK also inhibits translation elongation via phosphorylation of

eukaryotic elongation factor 2 (eEF27) (85). In the DKI model, some of the inhibitory signals

44



AMPK employs to regulate mTORC1 have been removed, meaning mTORC1 is free to promote
protein synthesis. However, in this model, AMPK is active and can phosphorylate every other
downstream target except those involved in regulating mTORCL1. Therefore, AMPK could be
phosphorylating eEF27%6 to prevent translation elongation from occurring, which could explain the
lack of genotype effect observed in this model (Figure 6, 7). Although there is no change in global
translation rates between genotypes, there were clear and expected effects of macrophage
polarization (Figure 7). Macrophages polarized with either LPS or IL4 had higher protein
translation rates than naive macrophages, which was an expected finding given the cellular
programs activated by each stimulus (86,87). AMPK activation slightly increased translation rates
in both WT and DKI cells of all polarizations. The slight increase in global translation observed
upon treatment with MK-8722 could be due to AMPK shifting the cell towards translating specific
proteins associated with the resolution of perceived energetic stress. This unexpected result could
also be due to the off-target effects of MK-8722 (88). Upon treatment with cycloheximide to inhibit
translation, translation rates decreased significantly (66). Taken together, no genotype-specific
effects regarding whole-cell protein translation were observed. Future studies investigating protein
translation and the AMPK/mTORC1 signalling axis should determine which transcripts are being

translated to better understand how pharmacological AMPK activation impacts mMRNA translation.

4.2.3 Metabolism

AMPK and mTORC1 are key regulators of metabolism, which greatly influences immune cell
function. Oxidative phenotypes are associated with anti-inflammatory immune cell functions,
while glycolytic phenotypes are linked to pro-inflammatory immune cell functions (86,87).

Assessing OCR and ECAR through the cell mito stress test provides insights into cellular
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metabolism. Increased OCR typically indicates the generation of energy through the electron
transport chain, while ECAR reflects media acidification due to either hydration of CO2 or lactate

secretion, marking glycolytic activity.

Researchers investigated how lack of mMTORC1 activity, achieved through genetic deletion of
key mTORC1 components mTOR and Raptor, affects cell function and metabolism (12). They
found that macrophages lacking mTORC1 activity exhibited lower glycolytic function measured
by ECAR and decreased oxidative capacity indicated by lower OCR. Overall, macrophages
lacking functional mMTORCL1 were less metabolically active, aligning with its role in promoting
anabolic cell metabolism. Additionally, these cells had lower concentrations of TCA metabolites
and lactate, suggesting an association between mTORC1 activity and increased metabolic

capacity.

To understand how increased mTORCL activity may impact cell metabolism, both ECAR and
OCR were measured along with extracellular lactate levels and intracellular citrate synthase
activity. IL4-polarized BMDM had no change in OCR, ECAR, extracellular lactate secretion, or
citrate synthase activity (Figure 8-10). The absence of a genotype effect in IL4-polarized WT and
DKI cells is anticipated due to the minimal mTORC1 activity during I1L4 polarization and the well-
established reliance of IL4-polarized macrophages on the ETC and fatty acid oxidation for their
energy needs (11). In contrast, naive and LPS-polarized DKI BMDM had higher rates of oxygen
consumption and extracellular acidification (Figure 8A-D, 9). Additionally, these cells had
decreased extracellular lactate secretion (Figure 10B). Overall, naive and LPS-polarized
macrophages with disrupted AMPK-mediated mTORC1 appear more metabolically active than
their WT counterparts, which aligns with the expected role of mTORCL1 in promoting anabolic

metabolism.
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It is well established that macrophages polarized with LPS display an energetic phenotype due
to the heightened energetic demand to combat the pro-inflammatory stimulus (89). To meet these
energetic demands, LPS-polarized immune cells have higher levels of mTORC1 activity.
Therefore, it is not surprising that the Raptor/TSC2 KI macrophages displayed increased metabolic
activity, which aligns well with the energetic metabolic phenotype. Previous studies have
highlighted the effects mTORCL1 has in promoting glycolysis. Specifically, mTORC1 promotes
the transcription and translation of HIF-1a, Myc, Glucose transporter protein type |1 (GLUT1), and
hexokinase 2, all of which are integral to glycolysis (90-93). mTORC1 also promotes
mitochondrial metabolism through Peroxisome proliferator-activated receptor-gamma coactivator
(PGCla) and Ying Yang 1 (YY1) (94). Taken together, mTORCL1 activation promotes
transcription, translation, and activation of various proteins required for ATP generation through
glycolysis and mitochondrial metabolism, both of which are associated with an energetic
phenotype. Therefore, the energetic phenotype observed in the Raptor/TSC2 KI model is likely
due to the heightened mTORC1 activity, which promotes glycolysis and mitochondrial
metabolism through transcription, translation, and activation of HIF1a, Myc, GLUTL1, hexokinase
2, PGCl1la, and Y'Y1. Measuring transcript and protein expression levels of the listed proteins and
other known metabolic proteins should be a future step for this project to understand how

heightened mTORCL1 activity pushes macrophages to display an energetic metabolic phenotype.

4.5 Macrophage polarization
Metabolism is directly linked to immune cell function. Many studies have established that
immune cells rely on metabolic reprogramming to differentiate and execute various functions (95).

Both AMPK and mTORC1 have been shown to greatly influence metabolism and, therefore,
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polarization of immune cells. Lack of AMPK activity leads to chronic pro-inflammatory
polarization shown in vitro and is implicated in the inflammation associated with various metabolic
disorders (10,32,53,96). In contrast, mTORC1 overactivity has been thought to play an important
role in pro-inflammatory macrophage polarization, given its heightened activity in various diseases
(11,12,50,89). However, the two studies investigating mTORCL1 activity and macrophage function
showed contradicting results (11,12). Overactive mTORC1 via TSC1 KO shows higher pro-
inflammatory macrophage function (11). While diminished mTORCL1 activity via removal of
MTORC1 components, Raptor and mTOR also resulted in higher pro-inflammatory macrophage

function, complicating the role that mTORCL1 activity may play in macrophage function (12).

The communication and regulation between AMPK and mTORC1 maintain energetic
homeostasis. Removing proteins utilized in the communication between these master metabolic
regulators results in extreme changes in cellular function. In the Raptor/TSC2 KI model, there
were decreased markers of pro-inflammatory polarization when macrophages were stimulated
with LPS through gene expression, cytokine secretion, and nitrite secretions (Figures 11, 13, and
14). The lack of a pro-inflammatory response in the DKI model is surprising, given the increased
MTORCL activity and its known role in promoting pro-inflammatory immune cell activity (40).
Furthermore, these cells likely have decreased AMPK activity due to heightened mTORC1
activity, which would likely lead to the phosphorylation of the al and a2 subunits, resulting in the
suppression of AMPK (45). Based on the previous work done in the area, increased mTORC1
activity and decreased AMPK activity are both associated with increased pro-inflammatory
macrophage responses (11). Additionally, the DKI macrophages with higher mTORCL1 activity
have markers of higher glycolytic activity, which is typically associated with a pro-inflammatory

polarization (Figure 8-10) (89). Based on the previous work done in the field and the metabolic
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phenotype observed, these macrophages were expected to have a skewed pro-inflammatory
polarization (40). There was higher gene expression for some of the genes typically associated
with pro-inflammatory activity, but these same genes were not being translated and subsequently
secreted from the cell. Therefore, the overall response elicited by LPS may be as expected in the
DKI model, but the translation and secretion of pro-inflammatory mediators may be impacted by
the mutation. This would align with the unchanged translation levels in Figures 6 and 7. Future
steps within this study would greatly benefit from assessing whole cell transcript and protein levels

to determine where the break in the immune cell response is.

The Raptor/TSC2 KI model had no consistent change in anti-inflammatory activation in
macrophages stimulated with IL4 demonstrated through gene expression, cytokine secretion, and
enzyme activity (Figures 12-14). It has been well established that the anti-inflammatory immune
cell response depends on heightened AMPK activity (10,32,53,96). Furthermore, increased
MTORCL1 activity has been shown to impair the anti-inflammatory immune cell response
significantly (11,12,50,89). Along with the lack of change in anti-inflammatory markers, there was
no change in metabolic profiles between WT and DKI BMDM polarized with IL4 (Figure 8-10
The unaltered anti-inflammatory response in the DKI cells and the lack of metabolic change
observed in the model likely indicate that the polarization change seen in previous studies is
heavily based on the metabolic rewiring associated with the loss of TSC1 through various other
pathways (40). Although most of the communication sites AMPK uses to regulate mMTORC1 have
been removed in the Raptor/TSC2 KI model, AMPK may use other known or unknown
mechanisms to inhibit mMTORCL1 in response to 1L4. Looking at macrophage response in models
where all other known sites AMPK uses to regulate mMTORC1 are modified would be beneficial in

the search to understand how this signalling axis impacts macrophage responses.
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4.6 Limitations and Considerations

This study is subject to various limitations and considerations. The first consideration in
this study was the length of treatment times. This project investigated the effects of the DKI model
under acute AMPK-activated and mTORC1-inhibited conditions. Although the overarching
question was answered using acute treatments, in hindsight, activating AMPK and inhibiting
mTORC1 for a longer period may have better displayed the genotype effects within the model.
Although effects on both AMPK activation and mTORCL inhibition were observed with a one-
hour treatment, a longer treatment time would likely be necessary to see more robust downstream
effects on protein signalling. Additionally, only one concentration and time point were used for all
treatments and stimulations. Looking at various time points and concentrations of AMPK
activation/mTORCL inhibition along with LPS/IL4 polarizations could have provided valuable
information about the model with respect to the AMPK/mTORCL1 signalling axis in macrophage

polarization and activation.

Another consideration is that not all the known phosphorylation sites AMPK uses to
regulate mTORC1 were modified, meaning AMPK was still able to communicate with mTORC1,
albeit in a much smaller capacity. While this study has three of the five known sites knocked in,
AMPK is still able to regulate mTORC1 through phosphorylation of TSC2 at T1227 and WDR24
in the Gator complex at S155 (29,51). While each of these sites plays a part in AMPK-mediated
MTORC1 regulation, the extent to which these sites contribute to the overall mechanism is
unknown. These remaining phosphorylation sites could be why no significant genotype effects are
observed in various assays. Although it is complicated to mutate further sites in a mouse model,

to understand this signalling axis fully, it would be beneficial to have all known phosphorylation
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sites mutated to ensure that all known AMPK-mediated mTORC1 regulatory mechanisms have

been removed.

This study used primary BMDM to test immune cell polarization in a model lacking
AMPK-mediated mTORC1 regulation. BMDM are a great model to work with as they have a good
yield for most cell culture experiments conducted. However, BMDM are naive immune cells and
have not been subjected to various inflammatory stimuli that tissue resident and circulating
macrophages may experience in vivo. The use of BMDM in this study provided valuable
information about how macrophages exposed to either LPS or IL4 may respond with chronic
mTORC1 activity, giving a very black-and-white idea of macrophage polarization. In vivo,
macrophages are exposed to various stimuli and exist in a broad spectrum of activation states.
Characterizing the metabolic and inflammatory profiles of tissue-resident macrophages with the
DKI mutation would provide a more realistic idea of how AMPK and mTORCL1 influence

macrophage polarization and activation in vivo.

The final limitation of this study is the constitutive nature of the mutations introduced
within this knock-in model. The mutations preventing AMPK from inhibiting mTORCL1 are
consistent throughout the whole body and are present from birth, which could allow for
compensatory mechanisms to develop over time. These compensatory mechanisms might obscure
or alter the true impact of AMPK-mediated regulation of mTORC1 on macrophage function,
explaining the lack of genotype effect in certain aspects of this study. For instance, other signalling
pathways or regulatory proteins might adapt to mitigate the effects of the disrupted
AMPK/mTORCI1 interaction, leading to an underestimation or misinterpretation of the direct

consequences of the mutations.
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4.7 Future Directions

There were clear changes in the metabolic profiles of macrophages due to elevated
mMTORC1 activity. However, these changes were not associated with significant changes to the
inflammatory response to LPS or I1L4. Despite the elevated phosphorylation of proteins associated
with translation initiation, heightened mTORC1 activity did not increase whole-cell protein
synthesis. This finding is surprising given mTORC1's established role in upregulating protein
synthesis and the increased phosphorylation of translation initiation targets. Polysome sequencing
could provide valuable insights into the discrepancies between the metabolic and inflammatory
phenotypes observed in the DKI model by revealing which genes are being translated. There was
also a clear difference in metabolic function as seen through OCR, ECAR, and extracellular lactate
levels. The next step with this project would be to investigate how increased mTORC1 activity is
influencing these metabolic changes. Doing targeted metabolomics to measure levels of
metabolites would show the changes within the cell and could provide insight into how AMPK -
mediated mTORCL1 regulation may impact macrophage polarization. Finally, there was a clear
discrepancy between gene expression and cytokine secretion levels. Investigating how lack of
AMPK-mediated mTORC1 regulation may impact the translation and secretion of cytokines
would broaden the knowledge of the role the AMPK/mTORC1 signalling axis plays in
macrophage polarization and activation. Performing RNA sequencing to measure whole-cell gene
expression paired with polysome sequencing would allow for the comparison between gene and

protein levels, which may be the cause of the discrepancies seen in this model.

The next step should be investigating how the DKI model impacts immune cell populations
in vivo. In culture, there were differences in metabolism and polarization in macrophages polarized

with LPS and IL4. Therefore, it would be interesting to understand if tissue and circulating
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macrophages challenged in a sepsis model or a helminth infection respond similarly to the stimuli
used in culture. Additionally, measuring other immune cell populations to understand how the DKI
mutation may influence their activation and metabolism would be an important future step for this
project. Finally, exploring how the lack of AMPK-mediated mTORCL1 regulation may influence
metabolic disease progression would be an interesting direction to take this project. Both AMPK
and mTORC1 have a well-established role in regulating immune cell function and contributing to
disease progression in various metabolic disorders, including atherosclerosis, type Il diabetes, and
fatty liver disease. Therefore, using the DKI model to understand how higher levels of mTORC1
may alter disease progression and severity would further the current understanding of how integral

metabolic kinases are involved in these chronic disorders.

4.8 Conclusion

Both AMPK and mTORCL1 are integral to cellular homeostasis. This study investigated
how disrupted AMPK-mediated mTORCL1 regulation impacts macrophage metabolism and
polarization. This data supports the conclusion that reduced AMPK-mediated mTORC1 regulation
leads to an energetic cellular phenotype in naive and LPS-polarized macrophages. Furthermore,
this data shows that increased macrophage mTORCL1 reduces the inflammatory response to both
LPS and IL4. The balance between AMPK and mTORC1 is crucial for maintaining cellular
function. Understanding how dysregulation between these key kinases impacts immune cell
function may provide further insights into better treatments for metabolic diseases where the

balance between AMPK and mTORCL1 is disrupted.
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