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Abstract

Recent findings have challenged the classical view of innate versus adaptive immunity,
suggesting that innate cells can retain some “memory” of past immunological insults. This
“trained immunity” which allows for primed cellular responses to secondary infections is
independent of T and B cells and is mediated by innate cells such as monocytes and
macrophages. While it has been shown that certain live vaccines such as BCG can induce
trained immunity, the training effects of non-living vaccines incorporating the widely used
vaccine adjuvant alum have not been addressed. Alum has been predominantly used in
several childhood vaccines due to effectiveness in promoting antibody responses and
robust safety profile. However, the immunomodulatory effects of alum have not been fully
elucidated. Using the in vitro model of training, alum was found to train innate cells to
adopt a distinct morphology in addition to an increased capacity to proliferate through
enhanced metabolic activity. The transcriptional profile of alum-trained macrophages was
explored using the NanoString Inflammation panel one week after training in vitro. Alum
globally downregulated pro-inflammatory gene expression while a small group of
upregulated genes was identified which may shed light on the mechanisms underlying the
establishment of these unconventional anti-inflammatory macrophages. One such gene,
Il1rn, that encodes IL-1Ra, the natural inhibitor of the pro-inflammatory cytokine IL1-B, was
significantly increased in response to alum alone. Interestingly, secretion of this anti-
inflammatory cytokine was hindered by pre-treatment with rapamycin. Furthermore, the
metabolic profile of macrophages stimulated with alum was reversed by rapamycin. These
data suggest that stimulating macrophages with alum may favour a pro-resolution
phenotype via activation of mammalian target of rapamycin (mTOR), altering cellular

metabolism and proliferative capacity.
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Chapter 1 Introduction

Protection of the host from invading pathogens is a fundamental response required by all
organisms!. To this end, the immune system comprises a multifaceted framework of
defensive barriers, specialized effector cells and an intricate network of cytokines and
signalling pathways that have co-evolved alongside the pathogens that attempt to invade
the host.

Classically, vertebrate immunity has been segregated into the innate and adaptive systems.
This dichotomy identifies the adaptive system as a highly specific form of defence that
possesses the ability to generate immunological memory of past infections. Conversely, the
innate system, which is the primary line of defence during infection has been considered

to be less specific and unable to remember previous immunological insults?.

1.1.1 The History of Vaccination

As early as the 15" century, attempts were made to prevent deadly diseases such as
smallpox through the method of variolation, by mimicking natural infection to generate
protective immune responses. This method sought to transfer infection® by removing a
piece of infected skin from the donor and transferring this to a fresh piece of scratched skin
on susceptible individuals who contracted a mild form of the disease but were then
rendered immune?. In 1718 Lady Mary Wortley Montague, a popular aristocrat and wife of
the British ambassador to Turkey advocated for the uptake of variolation in British society,
which was common practise in Turkey at the time, by having her own children variolated?.
Although successful, variolation was found to cause significant and often fatal reactions
thereby prompting this growing trend to be fine-tuned by vaccine pioneer Edward Jenner.
An eight-year-old boy called James Phipps was vaccinated in 1798 by Jenner who injected
the boy with matter derived from the cowpox lesions of a milkmaid, Sarah Nelms. Two
months later Phipps was inoculated with fresh smallpox and when no disease developed
Jenner concluded that he was completely protected®.

The field of vaccination was further developed at the end of the 19t century with the
observation by Louis Pasteur that pathogens could be attenuated by exposure to
environmental factors such as high temperatures, oxygen and certain chemicals allowing

him to produce vaccines against anthrax and rabies’.



The attenuated BCG vaccine was subsequently developed by Calmette and Guerin by
passaging Mycobacterium bovis (MTb) in artificial media at the beginning of the 20t
century® followed shortly after by the development of the yellow fever vaccine by Max
Theiler®. These developments firmly established the field of live, attenuated vaccines.

Traditionally vaccines were developed in this manner and although they have been
administered to billions of people and elicit strong cellular and humoral immunity
conferring protection (sometimes for several decades) there have been safety issues
associated with some killed whole cell and live attenuated vaccines!®. As such, subunit
vaccines were developed in which only the microbial component, or antigen, necessary to
induce appropriate protective immunity is administered (with an adjuvant), thereby
improving the safety of the vaccine!'.The ideal vaccine is one that is safe, potent and
confers long-term protection against infection. While subunit antigens are selected with
these objectives in mind, in most cases immunogenicity is low compared to killed and live
attenuated vaccines. This limitation has prompted the incorporation of adjuvants into

subunit vaccines!?.

1.1.2 Adjuvants

Originating from the Latin “adjuvare” meaning to help or to aid, adjuvants can include
mineral salts, synthetic particulates and oil-in-water emulsions in addition to components
such as microbial products/toxins that are recognised by innate cell receptors3. These vital
components are intended to potentiate the immune response to the antigen. Exerting their
effects on innate cells, adjuvants prompt activation of and antigen uptake by dendritic cells,
which serve as a bridge between innate and adaptive immunity and orchestrate antigen
specific responses through T and B cells!4,

The term adjuvant was first proposed by Ramon in the early 1920s° followed by the first
incorporation of an adjuvant into a vaccine in 1926°. Alexander Glenny noticed that
diphtheria toxoid precipitated with aluminium potassium sulfate, or alum, significantly
enhanced antibody production compared to toxoid alone when injected into guinea pigs’.
Alum is the most widely used vaccine adjuvant and due to its effectiveness in promoting
neutralising antibodies and robust safety profile is found in several childhood vaccines

against hepatitis A, hepatitis B, diphtheria-tetanus-pertussis (DTaP, Tdap), Haemophilus



influenzae type b (Hib), human papillomavirus (HPV) and pneumococcal infection'®. Other
licenced vaccine adjuvants that are included in licensed vaccines include monophosphoryl
lipid A (MPLA) incorporated into the HPV vaccine Cervarix, MF59 (an oil-in-water emulsion
found in the flu vaccine Fluad), and AS03, another oil-in-water emulsion approved as a

component of the H5N1 pre-pandemic vaccine Prepandrix?*é.

1.1.3 Alum

Although used globally as a vaccine adjuvant since the early part of the 20™ century, the
mechanism by which alum induces its adjuvanticity has not been fully elucidated*®. One of
the most frequently referenced mechanisms of alum adjuvanticity is the antigen depot
effect. It was postulated that alum enhanced antibody responses by functioning as an
antigen “depot” when it was observed that the adjuvant formed nodules at the site of
injection!® enhancing immune responses by allowing prolonged antigen release!®. This was
widely accepted and scarcely challenged until further research into the “depot theory”
concluded that formation of nodules at the site of injection is dispensable for the
adjuvanticity of alum. Brewer et al observed that surgical excision of the alum “depot” two
hours after vaccination did not affect antigen-specific 1gG1 levels ruling out the
requirement of depot formation as a mechanism of alum’s adjuvant activity?°. However,
the model used was injection of antigen into the ear of mice, so it is possible that the
importance of the antigen depot depends on the route of vaccination.

Signalling through PRRs has been suggested as an essential pathway for microbial PAMP
based adjuvants such as CpG and MPL?!.. Unlike these pattern-associated molecular
pattern (PAMP)-based adjuvants, alum does not signal through toll-like receptors. In
addition to PAMPs, NOD-like receptors (NLRs) can also sense endogenous danger signals
upon cellular damage??. Accordingly, a role for the NLRP3 inflammasome has also been
proposed as a mechanism for alum’s adjuvant activity?. Re et al showed that IL-1 and IL-
18 release is induced in LPS-primed human and murine DCs by alum in a caspase-1-
dependent manner?*. Moreover several groups have also shown that some of alum’s
immunostimulatory activity in vivo could be attributed to uric acid release by the adjuvant?>.
This suggests an indirect mechanism for the NLRP3 inflammasome activation which is

known to be activated by monosodium urate crystals?®. However while caspase-1-



dependent IL-1f production is observed in APCs treated with alum, only IgE antibody
production required the NLRP3 inflammasome?’. These observations led many
researchers to believe that with respect to alum’s ability to drive humoral responses,
NLRP3 is likely to be a dispensable component of alum’s adjuvanticity?®. Intriguingly, the
crystalline properties of alum have been found to be crucial for its adjuvanticity as the
predominant effect of crystal uptake by innate cells is the induction of necrotic cell
death?®. This has led to the theory that this necrotic cell death due to rupturing of plasma
membranes by alum is pro-inflammatory in nature. It is also possible that some cells do
not die following uptake of alum, but survive contact with the adjuvant and in fact
possess increased APC activity thereby enhancing antibody production?’.

Further investigation into the crystalline properties of alum by Shi et al led to the
observation that alum can bind to plasma membrane lipids on DCs independent of
inflammasome activity or membrane proteins. This interaction leads to lipid sorting, an
event that activates abortive phagocytosis and subsequent antigen uptake. Once these
DCs have been activated they demonstrate high affinity for CD4 T cells via intercellular
adhesion molecule-1 (ICAM-1) and lymphocyte function-associated antigen-1 (LFA-1)
without the requirement for further association with alum3°. Importantly, the manner
in which alum interacts with DCs also occurs during MSU crystal-DC plasma membrane
interaction via the aggregation of immunoreceptor signalling motif (ITAM)-containing
receptors followed by spleen tyrosine kinase (Syk) and phosphatidylinositol 3-kinase
(P13K) mediated phagocytosis3!.

Although several mechanisms have been proposed, their roles in alum’s adjuvanticity
remain contentious. Several variables including vaccination route, immunization
schedule and adjuvant dose may have contributed to the conflicting reports32.
Nonetheless alum continues to be the most widely used adjuvant incorporated in

currently licensed and routinely used human®® and veterinary vaccines33.



1.1.4 The Non-Specific Effects of Vaccines

An optimal vaccine would induce immune memory to facilitate a long lived adaptive
immune response against a specific pathogen. However, an old idea has recently re-
emerged which proposes that vaccines may also induce non-specific effects, independent
of the specific target pathogen34. The BCG vaccine, which has been used since 1921 as the
only vaccine against TB*, has also become the main intravesical treatment for early stage
non-muscle invasive bladder cancer®®. It has recently been found to have other beneficial
non-specific effects.

During the past few decades epidemiological studies have suggested that the BCG vaccine
protects against non-mycobacterial infections as well as asthma?’. Interestingly, when the
BCG vaccine schedule was first established in Sweden in the 1940’s, records show that
general mortality was almost 3-fold lower among children who had received the vaccine.
This decreased mortality could not be explained by TB prevention as the main protection
was seen in infants that were not at high risk for developing this mycobacterial disease38.
Trials carried out in the USA and the UK during the 1940-50s have recently been re-
examined and demonstrate that when TB prevention was not the main outcome, those
vaccinated with BCG showed a 25% reduction in non-TB and non-accidental deaths.

BCG is not the first vaccine claimed to induce beneficial non-specific effects. When Vaccinia
was first administered to humans in the 19t century it became apparent that not only did
it induce immunological protection from smallpox, recipients were also protected against
a wide range of infectious diseases such as measles, syphilis and streptococcus-causing
scarlet fever®.

The non-specific effects of vaccines were investigated in a number of randomized trials
carried out in Guinea-Bissau and Senegal, where disease burden is high and lower
respiratory tract infections and diarrheal diseases are endemic*©.

The DTP vaccine, which successfully and specifically protects infants against three deadly
diseases (diphtheria, tetanus and pertussis), actually increased mortality rates in female
recipients®!. Moreover, this unexplained increase in mortality for female neonates was
found to be linked to the DTP vaccine being administered last during the infant
immunisation scheme. This prompted further investigation into the non-specific effects of

vaccines and several randomised control trials found that both MV and BCG were shown



to confer a non-specific, beneficial protective immunity thereby reducing all-cause
mortality. Again, this non-specific effect was more prevalent in female recipients.

In relation to childhood survival in countries with a high incidence of diarrheal and
respiratory tract infections it has been proposed that the most important outcome of live
vaccines such as MV and BCG might actually be the non-specific protection more so than
the specific prevention of acute measles infection®® or TB, as children do not die of
tuberculosis in the neonatal period*?. In addition to this finding, the majority of the
epidemiological data points toward a pattern whereby the type of vaccine may be an
important factor for the non-specific effects of immunisation on childhood mortality and
survival which are particularly apparent in females. It has been proposed that the beneficial
non-specific effects are associated with live vaccines such as BCG, MV, OPV and Vaccinia,
whereas the inactivated, alum-adjuvanted vaccines DTP, IPV and HBV are linked to an
increased susceptibility, especially in females, to infection unrelated to the diseases these

inactivated vaccines specifically protect infants from32.

1.1.5 Innate Immune Training

However, without mechanistic insights it has been difficult to prove these epidemiological
observations for the non-specific effects of vaccines, both beneficial and adverse.
Thankfully, recent in vitro data and animal studies from several research groups have
emerged that yield possible mechanistic evidence to back up decades of epidemiological
data®d.

Following on from the plethora of epidemiological data on the non-specific effects of
vaccines, a series of pioneering experiments were carried out by Netea et al/ in 2012 with a
view to uncovering the immune mechanisms underlying these phenomena. Monocytes
were isolated from healthy volunteers directly before and two weeks after vaccination with
BCG and re-stimulated ex vivo with a range of unrelated bacterial and fungal pathogens.
An increased induction of IFN-y, TNF-o. and IL-13 was observed in these monocytes and
surprisingly this response endured for 3 months post vaccination*3. Netea’s group also
showed that a single dose of the cell wall component of C. albicans, B-glucan, protected
mice against Staphylococcus aureus challenge by inducing epigenetic rewiring and

functional reprogramming of monocytes leading to enhanced cytokine production in vitro**.



The epigenetic rewiring in these monocytes was found to be dependent on [B-glucan
signalling through the PRR, dectin-1, primarily resulting in modifications to histone
trimethylation at H3K4%,

This phenomenon which has been named “trained immunity” challenges the classical view
of innate versus adaptive immunity, suggesting that innate cells can retain memory of past
immunological insults*®. Indeed, plants and invertebrates, although lacking an adaptive
immune system are capable of establishing immunity against pathogenic reinfection®.
Trained immunity is achieved through epigenetic alterations in DNA that modify the
transcriptional potential of cells by regulating gene expression, subsequently rewiring
intracellular signalling and metabolic pathways*’. This rewiring allows for a long-term pro-
inflammatory response that can be measured by increased cytokine production upon re-
infection with unrelated pathogens. Additionally, the training effects observed following
BCG administration were found to be dependent on NOD2 signalling*?, autophagy*® and
changes in histone methylation*® which is suggested to account for some of the non-
specific effects associated with this live vaccine in epidemiological observation studies.
Several important characteristics distinguish classical immunological memory from trained
immunity and are outlined in Figure 1.1.1. Innate immune memory challenges the classical
view of innate versus adaptive immunity, suggesting that innate cells can retain memory
of past immunologic insults without somatic hypermutation or V(D)J recombination. The
main cells that play a role in these phenomena are those of the myeloid lineage which
include monocytes and macrophages. The specificity of innate immune cell recognition
during infection involves pathogen recognition receptors encoded in the germline of
myeloid cells. The increased responsiveness to secondary challenge that occurs during
trained immunity is mediated by changes in metabolism, transcription factor expression

and epigenetic reprogramming.



1.1.6 Innate Training of Hematopoietic Stem Cells

The longevity of innate immune training has been explored in several studies investigating
the transference of innate memory via hematopoietic stem cells (HSCs). For example, HSCs
and progenitor cells tolerized by TLR2 ligands give rise to macrophages with a similarly
tolerant phenotype characterised by reduced production of inflammatory cytokines in
response to inflammatory signals*. Another group investigating the effects of UV radiation
on immunosuppression found that DC progenitors in the bone marrow of mice became
functionally reprogrammed during radiation exposure via epigenetic rewiring and this
effect was inherited by their differentiated progeny*°. BCG itself was found to
transcriptionally modify HSCs following direct exposure to the bone marrow via i.v.
vaccination. This modification lead to cell expansion and a preference for enhanced
myelopoiesis rather than lymphopoiesis. Macrophages stemming from these BCG-trained
HSCs were epigenetically rewired for enhanced protection against pathogenic Mtb
infection®!. Several studies have also suggested the innate training potential of the
microbiome leading to long term reprogramming of bone marrow progenitors. These
include commensal-derived signals that modulate myelopoiesis®?, bacterial metabolites
such as short chain fatty acids modulating DC differentiation through DC precursors®3 and
finally commensal microbes that regulate neutrophil function via direct Nod1 recognition

in the bone marrow>*.
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Figure 1.1.1 Innate Immune Training versus Adaptive Immune
Memory. (A) Trained immunity is characterised by an initial challenge
resulting in metabolic rewiring and epigenetic reprogramming giving
enhanced effector functions upon restimulation with a second
challenge. Innate training is dependent upon monocytes and
macrophages and differs from classical adaptive immune memory (B)
which involves clonal expansion, antigen specificity and memory B
and T lymphocytes, which confers high specificity and, very often,
long-term, pathogen-specific protection (up to decades).




1.1.7 Pathogen Recognition Receptors (PRRs)

The concept of innate memory is not a new one, with a vast body of literature describing
the effect of innate “priming” in higher vertebrates both in vitro and in vivo when previously
stimulated monocytes or macrophages adopt an altered responsiveness to an unrelated,
secondary challenge®. In response to infection or damage to tissues the innate immune
system is the main source of acute inflammation and in turn is responsible for activating
adaptive immunity®. Whilst innate cells such as neutrophils, monocytes, macrophages and
dendritic cells are crucial components of this system, other cells such as fibroblasts,
epithelial and endothelial cells also serve to protect the host through innate immunity>’.
The way in which innate cells sense and respond to pathogens is through germline-encoded
pattern recognition receptors (PRRs) by recognition of conserved microbial molecules
called pattern-associated molecular patterns (PAMPs)>®. Furthermore, endogenous
molecules released from dying cells called damage-associated molecular patterns (DAMPs)
similarly alert the innate system through PRRs>. There are four families of PRR which
include transmembrane spanning proteins like Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs), and cytoplasmic members: Retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) and NOD-like receptors (NLRs)>®. The engagement of PRRs by various
PAMPs or DAMPs upregulates specific gene expression pathways involved in the

inflammatory response following infection or tissue damage®°.

1.1.8 Toll-Like Receptors

The TLRs were the first of the PRRs to be identified with 10 family members (TLR1-TLR10)
in humans and 12 (TLR1-TLR9, TLR11-TLR13) in mice®:. TLRs are transmembrane proteins
that can localise to the cell surface or to intracellular compartments including the
endoplasmic reticulum (ER), lysosomes or endolysosomes®2. TLRs are comprised of a
leucine-rich repeat (LRR) ectodomain which allows recognition of specific ligands, a
transmembrane domain, and a cytoplasmic Toll/IL-1 receptor (TIR) domain that activates
downstream signal transduction pathways®'. PAMPs and DAMPs are recognised by specific
TLRs through the ectodomain as a homo- or heterodimer in addition to interaction with a
co-receptor or accessory molecule®®. Adaptor molecules such as MyD88 and TRIF are

recruited to TIR domains following TLR activation and initiate highly conserved signalling
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pathways that activate several downstream molecules such as NF-kB®, interferon
regulatory factors (IRFs)® or mitogen-activated protein (MAP) kinases®. Different
PAMPs/DAMPs can activate different TLRs leading to a specific transcriptional outcome.
Depending on the particular PRR interaction in response to infection or damage these
proteins can induce the expression of genes encoding pro-inflammatory cytokines,
chemokines, type | interferons (IFNs) and antimicrobial proteins as well as regulatory
proteins that have evolved to control excessive inflammation such as anti-inflammatory
cytokines and proteins involved in the wound healing process®’.

Another way in which excessive inflammation is controlled is through negative regulation
of TLR signalling ensuring that prolonged exposure to TLR ligands does not cause tissue

damage®®.

1.1.9 Tolerance

TLR activation can be regulated by a process called tolerance that has been described in
several cell types including monocytes, macrophages and dendritic cells. During this
process, repeated or prolonged exposure of TLRs to their ligands induces a tolerant cellular
state characterised by altered responsiveness of that cell to subsequent stimuli®.
Tolerance can be induced by several members of the TLR family, however the TLR4 ligand
lipopolysaccharide (LPS) is the best characterised and is also known as endotoxin
tolerance®. Generally LPS tolerance results in a global alteration to the transcriptional
profile of the cell characterised by the expression of anti-inflammatory and pro-resolution
mediators (IL-10, TGF-B) as well as a downregulation of pro-inflammatory cytokines
including TNF-a’°. Furthermore, inhibitory molecules that downregulate important
components of the TLR-4-dependent pathway are upregulated during tolerance as an
additional layer of regulation of inflammation’!. The mechanism by which exposure to a
TLR ligand such as LPS reduces the inflammatory response to different TLR ligands is known
as cross-tolerance’2. Importantly the occurrence of endotoxin tolerance has been reported
in several clinical settings including sepsis, trauma and pancreatitis highlighting its
significance as an often fatal medical complication’3.

Tolerance studies carried out in vitro in mouse macrophages and human monocytes

reported a global downregulation of inflammatory cytokines and chemokines such as TNF-
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o, IL-6, IL-12, CCL3, CCL4 and CXCL10 upon re-stimulation with LPS’. Conversely,
transcriptional analysis of upregulated genes include anti-inflammatory cytokines such as
IL-10, TGFB’®> and IL-Ra’®. IL-1077 and IL-1 receptor antagonist (IL-1Ra)’® are important
cytokines responsible for limiting inflammation. Figure 1.1.2 outlines IL-1Ra exerting its
anti-inflammatory effects by competitively engaging the IL-1R, the receptor for pro-
inflammatory IL-1 family members, without downstream pathway activation’®. Gene
expression studies have demonstrated global transcriptional rewiring in tolerised cells
rather than simply a downregulation of LPS-induced gene expression that was previously
suggested for the refractory state of these cells. As such, endotoxin tolerance was originally
not considered as a branch of innate memory/training, however it has become increasingly
apparent that this phenomenon involves complex modifications to innate cells following
exposure to pathogens®. Indeed, macrophages have been found to selectively rewire
certain histone proteins to modify gene expression patterns thereby adapting to prolonged

exposure to pathogens.

IL-1 /B

‘. IL-1Ra
. O Competitive

Inhibition by
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Figure 1.1.2 IL-1Ra competitive inhibition of IL-1 Signalling. IL-1Ra antagonises IL-1 signalling through
competitive ligation of IL-1 receptors without engaging downstream signalling pathways. Following
successful ligation of IL-1 family members such as IL-1a or IL-1-B downstream pathway activation converges
on transcription factors such as NFkB followed by subsequent transcription of pro-inflammatory genes

12



1.1.10 Monocytes

Metchnikoff first described the phagocytic ability of blood derived cells in the late 19t
Century. We now know these crucial members of the innate immune system as monocytes,
two different subsets of which have been identified based on distinct chemokine receptor
expression and migration patterns. In humans the two main subsets include CD14*CD16
and CD14*CD16* cells while in mice the subsets consist of Gr-1"" and Gr-1°" cells®°.
Circulating monocytes have a short half-life, (classical Ly6C" monocytes 20h and non-
classical Ly6C' monocytes 2.2d?!) eventually undergoing death by apoptosis. They are
subsequently replenished by new monocyte progenitors of the bone marrow. During
disease, through inhibition of apoptotic pathways, monocytes can survive and enter tissues

from the blood where they differentiate into macrophages and/or dendritic cells®?.

1.1.11 Macrophages

Unlike monocytes, macrophages possess a long lifespan ranging from months to years®?
and are capable of self-renewal®*. These phagocytic cells are present in all tissues and carry
out integral functions both at steady state and following infection or tissue damage.
Macrophages can develop from circulating monocyte pre-cursors that enter the tissues,
originating from bone marrow haematopoietic stem cells. However, resident macrophages
also exist that develop in specific tissues during embryonic development and persist during
the lifetime of the individual through the ability to self-renew®. Macrophages are
extremely adaptable cells that are capable of alternating from one phenotype to another
depending on the specific environmental cues that they encounter. The majority of studies
characterising macrophage phenotypes have been carried out in primary cells stimulated
in vitro using polarising ligands. Dichotomous categorization of macrophages into M1, or
classical macrophages, and M2, or alternatively activated macrophages, has recently
become a topic for debate due to the difficulty in classifying subtypes of a cell that is known
for its plasticity and adaptability. Instead, macrophage polarization can be thought of as a
hypothetical continuum, with M1 and M2 dichotomies bookending an uninterrupted series
of macrophage polarization states. The conventional macrophage dichotomy suggests the
establishment of distinct states depending on the local cytokine milieu to drive

uncommitted macrophages (MO) to be polarised to M1, if stimulated with IFN-y/LPS, or M2,
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if exposed to IL-4/1L-13%. This functional separation has also extended to the metabolic
phenotype of these highly plastic cells whereby M1 cells are associated with increased
glycolysis to provide pyruvate for the trichloroacetic acid (TCA) cycle whilst increasing the
ratio of NADH to NAD* thereby indirectly generating ATP®’ for rapid microbicidal and pro-
inflammatory responses®. Conversely, M2 cells are more frequently associated with
enhanced mitochondrial oxidative phosphorylation and, importantly, a fully intact TCA
cycle, unlike their pro-inflammatory counterparts®. While it is true that the two extremes
of macrophage polarisation states require distinct metabolic profiles to fuel specific
functions depending on the context in which they become activated, it is a gross

oversimplification of their biological complexity and plasticity.
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Figure 1.1.3 Macrophage polarity in vitro and in vivo. Naive innate cells such as monocytes and
macrophages are highly adaptable cells that can encounter a wide range of potentially polarising
stimuli including pathogens, PAMPs and DAMPs, vaccines which can incorporate these as well as
communication from other cells. In vitro, macrophages can be polarised into M1 or M2 cells through
stimulation with LPS/IFN-g or I1L-4/13, respectively. Macrophage polarisation results in metabolic
rewiring and epigenetic remodelling and can be thought of as a type of innate training. M1
macrophages are highly pro-inflammatory effector cells and prefer to utilise glycolysis and
downregulate OXPHOS. M2 macrophages are important regulators of inflammation and have
essential roles in resolution and repair. They establish these healing properties by altering their
metabolism towards enhanced OXPHOS and a fully intact TCA cycle, unlike their M1 counterparts.



1.1.12 Immunometabolism

Immune cell metabolism has been extensively researched over the years, particularly the
role of immune cells in chronic metabolic diseases such as atherosclerosis, obesity and
diabetes®. Several pathways involved in nutrient- and pathogen-sensing systems have co-
evolved and are conserved across several phyla®l. For this reason, inflammation and
metabolism are intrinsically linked and the field of immunometabolism has emerged as one
of the key molecular intersections in health and disease. Depending on their particular
function at any given time, immune cells utilise metabolic pathways in order to generate
biosynthetic intermediates to fuel the specific energy requirements needed for cell growth,
proliferation or the rapid production of inflammatory mediators®2. Although different
metabolic pathways result in diverse end products, they are intrinsically linked by their
shared fuel inputs and the biosynthetic products they generate which can act as precursors

for alternative pathways®’.

1.1.13 Glycolysis

The way in which cells take up and process extracellular glucose is termed the glycolytic
metabolic pathway, or glycolysis, to generate pyruvate, as well as other metabolic
intermediates which can then feed into other pathways®3. The glycolytic generation of
cellular ATP is relatively inefficient compared to other pathways as only two ATP molecules
are made for every glucose molecule processed during glycolysis. Importantly, one of the
other by-products in glycolysis is the conversion of NAD+ to NADH. This metabolic flux is
sustained by the reduction of pyruvate to lactate thereby maintaining NAD+ levels, a key
intermediate used by several enzymes for biosynthesis pathways supporting anabolic
growth. Additionally, glycolysis also provides intermediates for the synthesis of nucleotides,
amino acids and fatty acids®’. The phosphatidylinositol 3-kinase (PI3K) and mitogen-
activated protein kinase (MAPK) pathways utilise glycolysis during cellular growth,

particularly in rapidly proliferating cells®*.

1.1.14 Oxidative Phosphorylation

As well as increasing the ratio of NADH to NAD+, glycolysis provides pyruvate that feeds

into the trichloroacetic acid (TCA) cycle, also known as the citric acid or Kreb’s cycle. The
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TCA cycle is located in the mitochondrial matrix in most quiescent cells and coupled with
oxidative phosphorylation is an effective and efficient method for generating ATP for
cellular longevity®>. The pyruvate generated during glycolysis, or free fatty acids, are
converted to acetyl coenzyme A (acetyl-CoA) that enters the TCA cycle by aldol
condensation with oxaloacetate to form citrate®. Another vital fuel source for the TCA
cycle is glutamate which is converted into the intermediate a-ketoglutarate®”. At the end
of the TCA the two major products formed are NADH and FADH2, which are the key sources
of electrons for the electron transport chain (ETC) fuelling oxidative phosphorylation and,
consequently, ATP production. The mammalian mitochondrial electron transport chain
encompasses Complexes |-1V, and electron transporters ubiquinone and cytochrome c.
Electron flow within the ETC is coupled to the generation of a proton gradient across the
inner membrane, the energy from which can be used by ATP synthase (Complex V) to

produce ATP?8. The glycolytic, TCA and ETC integrated pathways are outlined in Figure 1.1.4.
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Figure 1.1.4 The Glycolytic and Oxidative Phosphorylation Pathways. Glucose is taken up by
the cell and converted to glucose-6-phosphate which is then converted to pyruvate. Pyruvate
can then feed into the TCA cycle where it is converted to acetyl CoA. Pyruvate can also be
reduced to lactate thereby maintaining NAD+ levels. The mitochondrial electron transport
chain (ETC) comprises complexes I-IV, as well as electron transporters ubiquinone and
cytochrome c. Complex | establishes the hydrogen ion gradient by pumping four hydrogen ions
across the membrane from the matrix into the intermembrane space and can be inhibited by
Rotenone. Complex Il receives FADH;, which bypasses complex I, and delivers electrons
directly to the electron transport chain. Ubiquinone (Q) accepts the electrons from both
complex | and complex Il and delivers them to complex Ill. Complex Il (inhibited by Antimycin
A) pumps protons through the membrane and passes its electrons to cytochrome c for
transport to the fourth complex of proteins and enzymes. Complex IV reduces oxygen; the
reduced oxygen then picks up two hydrogen ions from the surrounding medium to make
water. This electron flow is coupled with the generation of a proton gradient across the inner
membrane and the energy accumulated in the proton gradient is used by complex V (ATP
synthase) to produce ATP. Complex V can be inhibited by Oligomycin.
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1.1.15mTOR

In addition to its role in protecting the host from pathogenic insults the innate immune
system is responsible for maintaining tissue homeostasis by rapidly responding to the
presence of pathogens or tissue damage®. In order to do this innate cells must possess
molecular machinery capable of gauging the metabolic potential of the cell within its
environment!®, The mammalian target of rapamycin (mTOR) is an evolutionarily
conserved serine/threonine kinase present in two protein complexes (mTORC1 and
mTORC2) that is capable of controlling and orchestrating appropriate effector responses of
immune cells'®?, As its name suggests, this 289-kDa protein kinase is a target of the
immunosuppressant rapamycini®2, Rapamycin is a macrolide antibiotic composed of a
macrocyclic lactone of different sized rings exerting their effects by binding to bacterial 50S
ribosomal subunits thereby impeding protein synthesis. This antibiotic which also
possesses potent immunosuppressive properties was first isolated from Streptomyces
hygroscopicus on Rapa Nui or Easter Island?3, Its effects on inhibition of cell growth were
found to act on a serine-threonine kinase that later became known as mammalian (or
mechanistic) target of rapamycin (mTOR). Early experiments in yeast demonstrated that
two TOR molecules were expressed: TOR1 and TOR2!%* |t was later discovered in
mammals that only one TOR homolog exists which results in two distinct complexes,
possessing different functions. mTORC1 is involved in regulating cell growth, metabolism

and proliferation while mTORC2 governs cell survival and cytoskeleton organisation©>,

1.1.16 mTOR Complexes 1 and 2

The mTOR complex 1 (mTORC1) of these two functionally distinct complexes contains
mTOR, the Rapamycin-sensitive adaptor protein of mTOR (Raptor) and mLST8 (mammalian
lethal with Sec13 protein 8 or GbL)¥®. Raptor importantly controls the kinase activity of
MTORC1 by enhancing substrate recruitment through engagement with the TOR signalling
(TOS) motif on several of mTORC1 substrates such as 4E-BP1 and p70S6K!°’. mTORC1
additionally contains two inhibitory components: PRAS40 (proline-rich Akt substrate of 40
kDa) and DEPTOR (DEP domain containing mTOR interacting protein)'°®. mTORC2, on the

other hand, possesses the Rapamycin-insensitive analog of mTOR (Rictor), as well as mTOR
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itself, mLST8 and DEPTOR. Unlike mTORC1, mTORC2 also contains regulatory subunits
mSinl and Protor1/2%°.

Rapamycin itself does not directly inhibit the kinase activity of mTOR but binds to the
immunophilin FKBP12 (FK506-binding protein of 12 kDa) which is coupled to mTOR FKBP-
rapamycin-binding domain (FRB). This results in the inhibition of mTOR function by
preventing its binding of the accessory protein Raptor which is required for the
phosphorylation of mMTOR’s downstream targets''®. Rapamycin’s inhibitory effects are only
effective on mTORC1 as the FRB protein (although present on both complexes) is only

exposed on mTORC1, but is blocked by Rictor on mTORC21%°,

/ Rapamycin \

mTO RC 1 mTORC2
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Figure 1.1.5 mTOR Complexes 1 and 2. The two mTOR complexes each contains the
mTOR protein itself (including FRB and FKBP12), DEPTOR, mLST8 and PRAS40.
mMTORC1 contains the Rapamycin-sensitive adaptor protein of mTOR (Raptor).
mTORC2, on the other hand, possesses the Rapamycin-insensitive analog of mTOR
(Rictor) as well as regulatory subunits mSin1 and Protor1/2. mTORC1 can be activated
through the PI3K/Akt pathway while activated mTORC2 can itself activate Akt.
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In comparison to mMTORC2, the upstream and downstream pathways of mTORC1 have been
extensively characterised. This complex mediates cellular signalling from both intracellular
and extracellular stimuli to coordinate downstream processes. The energy status of cells,
as well as cellular stressors, including hypoxia, are involved in the activation of mTORC11%,
Several extracellular signals including TLR ligands, cytokines and growth factors are also
involved in the activation of this network and upon activation are capable of regulating a
myriad of cellular anabolic processes including protein synthesis to aid cell growth!!. For
example, following stimulation with LPS, macrophages and dendritic cells significantly
increase cellular protein synthesis which is dependent on activation of the

phosphatidylinositol 3- kinase (PI13K)- mTORC1 pathway!*?.

1.1.17 mTOR Signalling

As mentioned growth factors are also involved in the activation of this pathway, namely
through engagement with receptor tyrosine kinases (RTKs) inducing their

autophosphorylation on tyrosine residues!?

. These phosphotyrosine residues allow
recruitment of PI3K to the cell membrane, catalysing the production of
phosphatidylinositol-3,4,5-triphosphate (PIP3) by phosphorylating phosphatidylinositol-
4,5-bisphosphate (PIP2)'4. PIP3 can then recruit the signalling proteins with pleckstrin
homology (PH) domains such as protein serine/threonine kinase-3’-phosphoinositide-
dependent kinase 1 (PDK1) and Akt to the membrane'!®. Once Akt becomes activated it
phosphorylates several downstream substrates involved in regulating cell survival, growth,
proliferation and metabolism, importantly, the regulation of mTOR!®. The tuberous
sclerosis complex 1 (TSC1 or hamartin) and TSC2 or tuberin, become inactivated by Akt-
dependent phosphorylation of TSC2, specifically, disrupting its interaction with TSC1!?®,
The TSC1/2 complex functions as a GTPase-activating protein thereby inhibiting the activity
of the GTP-binding protein Ras homology enriched in brain (Rheb)!'’. Once the TSC
complex is disrupted, the now activated form of Rheb can directly bind mTORC1 activating

its kinase activity!!’

. Mitogen-activated protein kinases (MAPK) also inhibit TSC2 to activate
mTORC11%,
The manner by which activated mTORC1 exerts its downstream effects, such as increased

protein synthesis, is through regulation of cap-dependent and cap-independent translation
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of mRNAs by phosphorylating elF4E-binding protein 1 (4E-BP1) and 4E-BP2, inhibitors of
the eukaryotic translation initiation factor 4E (elF4E)!9,

Other phosphorylation targets of mMTORC1 include the ribosomal protein S6 kinase 1 (S6K1)
and S6K2%° which further relay this signalling pathway through phosphorylation and

activation of S6 to induce protein translation, regulating cell size and motility!?*.
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Figure 1.1.6 mTORC Signalling Pathway. Activation of the mTORC1 pathway can be triggered by
engagement of receptor tyrosine kinases (RTKs) inducing recruitment of PI3K to the cell membrane. This
then catalyses the production of phosphatidylinositol-3,4,5-triphosphate (PIP3) by phosphorylating
phosphatidylinositol-4,5-bisphosphate (PIP2). PIP3 recruits the signalling proteins with pleckstrin
homology (PH) domains such as protein serine/threonine kinase-3’-phosphoinositide-dependent kinase 1
(PDK1) and Akt to the membrane. The tuberous sclerosis complex 1 (TSC1 or hamartin) and TSC2 or
tuberin, become inactivated by Akt-dependent phosphorylation of TSC2 and disrupt its interaction with
TSC1 which functions as a GTPase-activating protein thereby inhibiting the activity of the GTP-binding
protein Ras homology enriched in brain (Rheb). Once the TSC complex is disrupted, the now activated form
of Rheb can directly bind mTORC1 activating its kinase activity on downstream targets 4EBP and S6K
leading to proliferation, prosurvival, cell growth and motility. Amino acids can also directly activate mTOR.
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1.1.18 Role of mTOR in Immune Cells

Several studies have demonstrated the functional regulation of a broad range of immune
cells by mTOR. These include adaptive T and B cells as well as natural killer cells, dendritic
cells, macrophages, and other innate cells such as neutrophils and mast cells'??,

A role for mTOR activation in the lineage differentiation of CD4 T cells has been extensively
characterised??3. When mTOR is deleted CD4 T cells lose the ability to differentiate into Th1,
Th2 and Th17 following exposure to the corresponding stimui'?*. mTORs involvement in
memory CD8 T cell differentiation has also been demonstrated. The administration of
rapamycin in a lymphocytic choriomeningitis virus infection model increases the quantity
of memory CD 8 T cells. Furthermore the quality of virus-specific CD8 T cells was enhanced
following rapamycin treatment in this infection model'?>,

B cells have been less well characterised in this field, however some early studies showed
that when mTOR was inhibited by rapamycin, B cell proliferation, plasma cell
differentiation and germinal centre responses were affected, thus attenuating the
generation of high-affinity antibodies 126,

As previously mentioned innate immune cells rely on metabolic pathways to allow for
appropriate functional adaptations during stress or infection?’. This includes changes to
morphology, migration to distal tissues and the rapid production of cytokines and
chemokines, for example during the acute infection stage'?®. Similarly, when a microbial
insult has been appropriately dealt with induction of the resolution phase is key to prevent
potential damage to tissues. Many of the metabolic processes governing the restoration to
homeostasis by innate cells during infection and inflammation are heavily regulated by the
mTORC1-mTORC2 network!?2. In DCs and neutrophils mTORC1 is activated by growth
factors such as granulocyte/macrophage colony-stimulating factor (GM-CSF) and FMS-
related tyrosine kinase 3 ligand (FLT3L)!?>!3°, In monocytes, macrophages and DCs TLR
ligands activate mTORC1 and mTORC2*3!, Cytokines such as IL-4 and IL-15 can also induce
activation of these complexes in macrophages'3! and NK cells'3?, respectively.

In many ways, the highly plastic nature of innate cells relies on their ability to actively
control metabolism in order to rapidly adapt their effector functions. This capacity for
adaptation is strongly dependent on the availability of nutrients within the cellular

environment!33, For example activated mTORC1 directs cells towards anabolic metabolism
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through hypoxia-inducible factor 1a (HIF1a), sterol regulatory element-binding proteins
(SREBPs), Myc'3* and peroxisome proliferator-activated receptor-g (PPARg)'*>. Through
these mediators mTOR activation supports the energy demands for synthesizing nucleic
acids, proteins and lipids and does so via the processes of glycolysis and oxidative

phosphorylation!3e,

1.1.19 Inflammation, Resolution and Repair

Inflammation is a vital response by the immune system to any stimulus that presents a
threat to tissue homeostasis. During the inflammatory response the main goal is to defuse
the infectious agent that poses a threat and importantly to limit tissue damage!®’.
Granulocytes such as neutrophils, eosinophils and basophils are rapidly recruited to the
site of inflammation during the acute phase of inflammation!3%. Other immune cells near
the site of infection or injury, including resident macrophages, become activated by DAMPs
and pro-inflammatory mediators and further exacerbate the inflammatory response by
recruiting leukocytes via chemokine release®.

In addition to their role in acute inflammation in response to potentially infectious threats,
monocytes and macrophages play vital roles in the resolution of this response and
subsequent repair mechanisms associated with wound healing®*°. During the onset of
repair, the macrophage population within damaged tissue switches to a more anti-
inflammatory, M2-like phenotype to enhance healing through enhanced secretion of IL-10
and IL-1Ra*%. Unsurprisingly, the metabolic demands of anti-inflammatory, pro-resolution

macrophages are distinct from those more inflammatory anti-microbial M1-like subtypes.
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1.2 Hypothesis

Alum is the most widely used vaccine adjuvant and successfully drives effective humoral
immunity in several vaccines, safely conferring long term protection by preventing certain
infectious diseases!*?. However, the mechanism through which alum exerts its adjuvant
effects, although extensively investigated, has yet to be fully elucidated. We have shown
that alum promotes the production of IL-10 that suppresses Thl responses. The absence
of IL-10 signalling does not compromise alum-induced cell infiltration to the site of injection
but enhances antigen-specific Thl responses after vaccination. Importantly innate cells
such as macrophages and dendritic cells are key sources of IL-10 expression at the site of
injection *, The non-specific effects of vaccines has been investigated by epidemiologists
for several decades, particularly the beneficial effects of live vaccines such as BCG*2, In
regions where disease burden is high, neonates receiving live vaccines such as MV and BCG
show enhanced survival with a reduced incidence of respiratory tract infections, diarrheal

disease and neonatal sepsis!*?

. The underlying mechanism for this epidemiological
phenomenon has been proposed as innate immune training, whereby cells of the innate
immune system can be primed to confer protection against re-infection® through
epigenetic remodelling and metabolic rewiring. The production of a potent anti-
inflammatory cytokine, IL-10, coupled with the established safety profile of this adjuvant,
prompted the hypothesis that alum can train monocytes and macrophages to adopt an

anti-inflammatory profile with enhanced capacity for resolution of inflammation and

healing through altered metabolism.
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1.3 Aims and Objectives

e Generate a robust innate training protocol in monocytes and macrophages

e Establish the innate training potential of the vaccine adjuvant alum

e Investigate the anti-inflammatory properties of alum-trained monocytes and
macrophages

e Characterise the transcriptional profile of alum-trained macrophages

e Analyse the initial and long-term metabolic profile of alum-trained macrophages

e Investigate the potential metabolic pathways involved in alum-stimulated

macrophages
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 General cell culture materials

All materials were purchased from Sigma-Aldrich unless otherwise stated

Complete RPMI 1640 Medium (cRPMI)
Roswell Park Memorial Institute (RPMI) 1640 medium (Biosera) was supplemented with 10%
(v/v) heat-inactivated (56°C for 30 mins) filter sterilised foetal calf serum (FCS; Biosera), 50

U/mL penicillin (Gibco), 50 pg/mL streptomycin (Gibco) and 2 mM L-Glutamine (Gibco).

Complete DMEM Culture Medium (cDMEM)
Dulbecco’s Modified Eagle Medium (DMEM; Biosera) was supplemented with 10% (v/v)
heat-inactivated (56°C for 30 mins) filter sterilised foetal calf serum (FCS; Biosera), 50U/mL

penicillin (Gibco), 50 pg/mL streptomycin (Gibco) and 2mM L-Glutamine (Gibco).

0.88% ammonium chloride (NH4Cl)
8.8 g of ammonium chloride was dissolved in 1 L of endotoxin-free water (Baxter) and filter

sterilised using a 0.22 um syringe-driven filter (Millipore).

Phosphate Buffered Saline
1X and 10X Endotoxin-free Phosphate Buffered Saline (PBS) (Biosciences)

Cell counting
Viable cells were counted by trypan blue (Sigma) exclusion using KOVA Glasstic cell counter

slides with grids (Hycor Biomedical Inc.).
0.25% Trypsin-EDTA solution

2.5 g porcine trypsin and 0.2 g EDTAe4Na/L sterile-filtered in Hanks' Balanced Salt Solution
(Sigma).
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Ficoll Paque Gradient

23.5 mL Ficoll Paque Stock (GE Healthcare, UK) + 1.5 mL 1X PBS (thoroughly mixed) and

divided into 2 X 50 mL falcon tubes

Percoll gradients

Percoll (Sigma-Aldrich)

51% Percoll gradient: 5 mL Percoll mixed with 4.75 mL PBS/EDTA/Plasma

42% Percoll gradient: 4 mL Percoll mixed with 5.5 mL PBS/EDTA/Plasma

1mM EDTA in PBS

1 mLO0.5M added to 500 mL 1X PBS

Table 2.1 Cell culture treatments

Cell culture treatment Target/function Supplier

Alum (Alhydrogel) Various Brenntag

LPS from Escherichia coli, Serotype TLR4 Enzo Life Sciences
R515

Zymosan TLR2 Sigma

R848 TLR7/8 Invivogen

Poly (1)(C) TLR3 Invivogen
B-Glucan from S.Cerevisiae Dectin-1 Sigma
Pam3CSK4 TLR1/2 Invivogen

CpG TLR9 Oligos
Heat-Killed Mtb Various Chondrex

PMA (Phorbol myristate acetate) NFkB Fisher Scientific
lonomycin Ca* Fisher Scientific
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Table 2.2 Inhibitors

Inhibitor Target/function Supplier
Rapamycin mTORC1 Fisher
ZSTKA474 Class | PI3K isoforms Cell Signalling
Rotenone Complex | ETC Sigma
Oligomycin ATP synthase Sigma
Fluoro-Carbonyl Cyanide  Dissipates mitochondrial Sigma
Phenylhdrazone (FCCP) membrane potential

Antimycin A Complex Il ETC Sigma
2-Deoxy-D-glucose (2-DG) Glucose analog that inhibits Sigma

glycolysis via hexokinase

2.1.2 Flow Cytometry

Table 2.3 Flow Cytometry

Buffer Solutions

Composition

FACS Buffer

4% Paraformaldehyde (PFA)

Fixation Buffer

Fixation Diluent, Fixation Reagent,
Permeabilisation Diluent,
Permeabilisation Reagent

1X PBS was supplemented with 0.1%
sodium azide and 2% heat-inactivated
and filter sterilised FCS

40g PFA in 1 L sodium phosphate
buffer (13.4 g Na;HPO4, 6.9 g
NaH;POg4, 1L dH20). Heated for 30-45
min at 60°C to dissolve and adjust to
pH 7

2% PFA in PBS

eBioscience™ Foxp3 /Transcription
Factor Staining Buffer Set
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Table 2.4 FACS antibodies

Marker Fluorochrome Clone Supplier
hCD45 APC-H7 2D1 BD Bioscience
hCD11b PE VIM12 Invitrogen
hCD14 FITC HCD14 BioLegend

hHLA-DR BV786 G46-6 BD Bioscience

mCD11b PECy7 M1/70 BD Bioscience
mF480 PerCP-Cy5.5 BMS8 eBioscience
mGrl APC-Cy7 RB6-8C5 BD Bioscience

mMHCII APC M5/114 eBioscience

PI n/a n/a Sigma

2.1.3 Enzyme-linked Immunosorbent Assay (ELISA)

Table 2.5 ELISA buffers and solutions

Buffer and solutions

Composition

10X PBS (10L)

Phosphate citrate
buffer

Wash buffer
1% BSA

Streptavidin HRP

Substrate

Stop solution

800g NaCl, 20g KCl, 116g Na;HPOa, 24g KH,PO4 was
dissolved in 10L distilled H,0 and brought to pH 7.4

10.19g anhydrous citric acid and 14.6g Na;HPO4 was
dissolved in 1L distilled H20 and brought to pH 5.5

0.05% (v/v Tween 20 (Sigma) in 1X PBS

1% (w/v) Bovine Serum Albumin (Fisher Scientific) was
dissolved in 1X PBS
HRP conjugated streptavidin diluted in 1 % BSA

Mouse- 0-Phenylenediamine dihydrochloride (OPD;
Sigma)
Human- Tetramethyl benzidine (TMB; Millipore)

1M H2S04
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Table 2.6 ELISA antibodies

Capture
Blocking Top working  Detection Ab
Antibody Supplier Ab conc.
Solution Standard conc.
(in PBS)
IL-10
Biolegend 1/200 1% BSA 2000 pg/mL 1/200
(Mouse)
TNF-a
R&D Systems 1/120 1% BSA 2000 pg/mL 0.05 pg/mL
(Mouse)
IL-1Ra
R&D Systems 1/180 1% BSA 10000 pg/mL 1/120
(Mouse)
TNF-a
R&D Systems 1/120 1% BSA 1000 pg/mL 1/60
(Human)
IL-1Ra
R&D Systems 1/120 1% BSA 2000 pg/mL 1/60
(Human)
IL-10
R&D Systems 1/120 1% BSA 2000 pg/mL 1/60
(Human)

2.1.4 RNA isolation

High Pure RNA Isolation Kit (Roche, IN 46250-0414, USA) and Rneasy Plus Mini Kit (Qiagen)

were used per manufacturer’s instructions.

2.1.5 Real-time PCR

Table 2.7 cDNA Synthesis (Reverse Transcription)

Reagent Concentration Supplier
dNTPs 2.5 mM/NTP Promega
Reverse Transcriptase - Promega
buffer

Random primers 5’ 1 pg/plL MWG Biotech
-NNNNNN-3’/

Random Hexamers

Ribonuclease Inhibitor 40 U/pL Invitrogen
(RNaseOUT)

M-MLV Reverse 200 U/pL Promega

Transcriptase
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Table 2.8 Real-time PCR reagents

Reagent Volume/Sample Supplier
Kapa SYBR® Fast qPCR 5uL Kapa Biosystems
Nuclease-free H20 1pul Roche
Forward Primer 0.5 puL Invitrogen
Reverse Primer 0.5 uL Invitrogen
cDNA Template 3L -

Table 2.9 Primer Sequences

Gene Name Primer Sequence 5’-3’

Bcl2 FP TGAGTACCTGAACCGGCATCT
Bcl2 RP GCATCCCAGCCTCCGTTAT

Myc FP CAGCGACTCTGAAGAAGAGCA
Myc RP GACCTCTTGGCAGGGGTTTG
Actb FP TCCAGCCTTTCTTGGGT

Actb RP GCACTGTGTTGGCATAGAGGTC
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2.1.6 Western Blot

Table 2.10 Western Blot SDS PAGE

Buffer and solutions

Composition

10X SDS Running Buffer

1X Transfer Buffer

Cell lysis buffer

SDS-Loading Buffer
(Laemmli 2X)

10X TBST
(Tris-buffered saline

containing Tween-20)

Blocking Buffer

Wash Buffer
Ladder

144 g Glycine, 30 g Tris Base and 10 g SDS. Made up to a
final volume of 1 L with dH20

2.25 g Tris Base, 10.5 g Glycine, 1 g SDS and 200 mL
Methanol. Made up to final volume of 1 L with dH,0

Ripa Buffer (Sigma) with Phosphatase inhibitor cocktail 3
(Sigma) and Protease inhibitor cocktail (Sigma)

3.028 g Tris.Cl pH 6.8, 4 g SDS, 20 mL Glycerol, 100 mg
Bromophenol Blue, 5% dithiothreitol (DTT) was added
directly before use

80 g NaCl, 2 g KCl, 20 g Tris Base and 10 mL Tween-20.
Made up to a final volume of 1 L with dH,0 and adjusted
topH7.4

1X TBST with 5% non-fat milk

IXTBST

PageRuler Pre-stained ladder (10-180kDa: Thermo
Scientific)

Table 2.11 SDS Gel

Resolving Gel Stacking Gel

Ingredients 12% Ingredients

H20 6.6 mL H.0 5.5mL
Acrylamide 8 mL Acrylamide 1.3 mL
1.5M Tris pH 8.8 5mL 1M Tris pH 6.8 I1mL
10% SDS 200 pL 10% SDS 80 uL
10% APS (add last) 200 pL 10% APS (add last) 80 uL
TEMED(add last) 8 pL TEMED(add last) 8 pL
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Table 2.12 Western Blot Antibodies (Diluted in 5% Milk in TBST)

Antibody Source (Cat No.) Dilution  Secondary Ab
Phospho-S6 kinase Thr389 Cell Signalling (9205S) 1:2500 o-Rabbit
Phospho-S6 S235/236 Cell Signalling (4858T) 1:2500 o-Rabbit
S6 ribosomal protein Santa Cruz (sc-74459) 1:500 a-Mouse
B-Actin Sigma (A2228) 1:500 a-Mouse

2.1.7 NanoString

nCounter® MAX Analysis System (School of Veterinary Medicine, UCD)

nCounter® Mouse Inflammation v2 Panel (CodeSet): Gene expression codeset profiling

254 genes; 248 inflammation-related mouse genes + 6 internal reference controls

(12 reactions X 2 panels = 24 reactions total)

nCounter Cartridge: Consumables for nCounter MAX Analysis System

(12 samples/cartridge)

2.1.8 Seahorse Extracellular Flux

96-well XF cell culture microplates, Seahorse XF media, base media and calibration buffer

were purchased from Agilent technologies
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2.1.9 BCG Infection Assay (School of Veterinary Medicine, UCD)

Table 2.13 BCG Buffers and Solutions

Buffer Solutions Composition

Middlebrook 7H11 10.5g 7H11 powder (company) + 450 mL distilled water
Agar (20 mL per petri  + 2.5 mL glycerol (company) was dissolved and

dish) autoclaved and allowed to cool. 50 mL of 10X OADC
enrichment was finally added

10X OADC 50 g BSA + 8.5 g NaCl + 20 g glucose made upto 1L
Baxter water and sterilised using SteriCup

0.05% Tween Diluted in dH20

RLT buffer Qiagen RLT buffer + 1% 2-betamercaptoethanol

4% PFA Diluted as before in PBS

2.1.10 Confocal Microscopy

Live cell imaging

Active mitochondria stain: Red-orange Tetramethylrhodamine, Methyl Ester, Perchlorate
(TMRM) (Thermofisher Scientific)

Nuclear stain: Propidium lodide (PI) (Sigma)
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2.2 Methods

2.2.1 Ethics Statement

Human blood samples were collected from anonymous healthy blood donors from the Irish
Blood Transfusion service (IBTS) under license number (BI-AG-300919) issued from the
School of Biochemistry and Immunology Research Ethics Committee, Trinity College Dublin

in accordance with the Declaration of Helsinki.

2.2.2 Mice

C57BL/6 mice aged 8-12 weeks were bred in Trinity Biomedical Sciences institute (TBSI)
Comparative medicines Unit. Animals were maintained according to the regulations of the
European Union and the Health Products Regulatory Authority (HPRA). All animal studies
were approved by Trinity College Dublin Animal Research Ethics Committee (Ethical
approval number 091210) and were performed under the appropriate licence. For in vivo

studies, procedures were carried out under licence number AE191364/P079.

2.2.3 Cell Culture

Cells were cultured at 37°C with atmospheric conditions of 95% humidity and 5% CO

2.2.4 Cell Counting

Cell counts were determined by trypan blue exclusion. A cell suspension sample was
stained with trypan blue in the appropriate counting dilution and 10 pL of this cell/trypan
mixture was loaded onto a KOVA Glasstic cell counter slide with grids (Hycor Biomedical
Inc.) and viewed under a light microscope. The final cell count in cells/mL was ascertained
using the formula:

Number of cells/mL = cell number x 10° cells/mL x dilution factor
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2.2.5 Culture of L929 cells for production of M-CSF-conditioned medium

A frozen vial of L929 cells was rapidly thawed in the water bath at 37°C and added to 9 mL
of pre-warmed cDMEM. The cells were centrifuged at 300 x g for 5 mins to rinse off any
DMSO present in preservation media by discarding supernatant. The cell pellets were
disrupted and re-suspended in 10 mL of cDMEM (w/o antibiotic) and transferred to a T75
flask containing pre-warmed cDMEM. Cells were left in the CO; incubator and checked daily
until 90% confluency was established. At this point the medium was discarded and the cells
washed with pre-warmed PBS without Ca%*/Mg?*. Cells were then incubated at 37°C with
5mL of trypsin-EDTA solution for 5mins and pipetted up and down carefully to detach cells.
20 mL of cDMEM was added and the cells centrifuged for 5 min at 400g. The supernatants
were discarded, the cells re-suspended in 25 mL of ¢cDMEM and counted. Where
appropriate, new stocks were stored by re-suspending 1-2 X 10° cells in 1 mL
10%DMSO/90%FBS and frozen immediately at -80 using a “Mr Frosty” freezing container.
The rest of the cells were set up to generate cultures for M-CSF production by seeding cells
at 0.5X10%/mL and setting up cultures in T175 flasks and removing supernatants one week
later. Depending on batch-to-batch variation of L929-conditioned media, 10-25% was used

to differentiate BMDMs.

2.2.6 PBMC and Monocyte Isolation

Isolation of Non-Activated Monocytes from Human Buffy Coats

The isolation process included three steps. Firstly, mononuclear cells were separated from
erythrocytes and polymorphonuclear leukocytes with a Ficoll gradient. Next, platelets were
removed by sedimentation through autologous plasma. The final step was the separation

of monocytes from lymphocytes with a Percoll gradient.

Separation of erythrocytes and polynuclear leukocytes

Buffy coats were diluted 1:1 with 1X PBS in 50 mL tubes and slowly layered onto Ficoll
Paque without the two solutions mixing by holding two 50 mL tubes horizontally. The Ficoll
Paque/blood gradient was then centrifuged at 400 x g (1359 rpm) for 30 mins at room

temperature (RT).
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Collection of autologous plasma and interface cells:

After centrifugation, plasma was collected from the supernatants and set aside in a 50 mL
tube leaving approximately 5 mL plasma above the interface of the cells. Cells at the
interface were carefully collected using a Pasteur pipette and transferred into a 50 mL tube
containing 5 mL of 1 mM EDTA in 1X PBS. The collected cells were then topped up with a
further 30 mL of 1 mM EDTA, centrifuged at 250 x g (1050 rpm) for 10 mins and the
supernatants aspirated. The collected plasma was centrifuged at 2800 x g (3500 rpm) for
10 mins to pellet any remaining cell debris and 1 mL of the supernatant plasma was added
to 25 mL of 1 mM EDTA for later preparation of Percoll gradient. The remaining plasma was

divided into 50 mL tubes for subsequent platelet removal.

Platelet Removal:

1 mL of collected plasma was added to 3 mL of 1 mM EDTA, which was then used to dissolve
the cell pellet by slowly pipetting with a 5 mL pipette. 6 mL of 1 mM EDTA was added and
this cell/plasma/EDTA mixture was then gently layered onto plasma that was collected
earlier and centrifuged for 10 mins at 150 x g (800 rpm) to separate platelets from
mononuclear cells. The supernatant containing platelets were discarded leaving 2 mL of

plasma with each cell pellet.

Cell Separation by Percoll Gradient

4 mL of 51% Percoll was added to a 15 mL tube followed by 4 mL of 42% Percoll. The
mononuclear cell pellets were dissolved in 3 mL 1 mM EDTA by careful pipetting and the
cells mixtures were layered onto the Percoll gradients and centrifuged at 650 x g (1700rpm)

for 30 mins.

Washing and Plating

The supernatants were aspirated just above the white band of cells at intersection between
51% and 42% Percoll gradients. The cells were collected using a Pasteur pipette and added
to a 50 mL falcon containing 2 mL of retained plasma and topped up with 1 mM EDTA,
mixed by inversion and centrifuged at 250 x g (1050 rpm) for 10 mins. The supernatants

were discarded and 3 mL of RPMI was used to dissolve the pellet carefully and finally made
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up to 10 mL with RPMI and counted. Cells were seeded at 0.5 X 10° cells/well and allowed

to adhere for 1 hr followed by washing with 1X PBS to remove non-adherent cells.

2.2.7 Bone Marrow Derived Macrophages (BMDMs)

Bone marrow-derived macrophages (BMDMs) were generated from C57BL/6 mice. Mice
were euthanized using CO; and death confirmed by cervical dislocation. The femurs and
tibiae were removed, cleaned of muscle tissue with a sterile gauze and separated. Bones
were washed in petri dishes containing 70% EtOH for 5 seconds and then cDMEM. A 10 mL
syringe was filled and attached to a 27G needle. The tips of the femur and tibia bone were
minimally cut and kept in a sterile petri dish with fresh cDMEM. The bone marrow was
flushed out into a petri dish by inserting the 27G needle and injecting cDMEM. Cell clumps
were disrupted by repeat pipetting with a 19G needle. The cells were transferred to 50 mL
falcon tubes and spun down at 1200 rpm for 5 mins. The supernatant was removed and 1
mL of 0.88 % NH4Cl red blood cell lysis solution was added. After two mins, the reaction
was stopped with 25 mL of cDMEM. The cell mixture was centrifuged at 1200 rpm for 5
mins. The supernatant was removed. The cell pellet was re-suspended in 10 mL cDMEM.
Cell numbers were counted using trypan blue dye exclusion. The volume was adjusted to
give 1x108 cells/mL in cDMEM with 10%-25% L929-conditioned medium containing M-CSF
depending on the particular batch used. Next, 20 mL of cell suspension was transferred to
large non-TC treated petri dishes. On day three, 20 mL of cDMEM containing 10%-25% L929
was added to large non-TC treated petri dishes. On day 5, the petri dish culture media was
removed using a pipette and 10 mL of cold 1 mM EDTA in PBS was added. The petri dishes
were placed on ice. After 10-15 mins the PBS was vigorously pipetted to remove cells. Cells
were then transferred into 50 mL falcon tubes and spun at 1200 rpm for 5 mins. The
supernatants were discarded and cells were re-suspended in cDMEM supplemented with
half the concentration of L929-conditioned medium used to differentiate BMDMs and
made up to a final concentration of 1x10° cells/mL. Cells were incubated overnight and

trained/stimulated the next day.
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2.2.8 In Vitro Training of Adherent Human Monocytes or BMDMs

On day 0, adherent monocytes or BMDMs were trained by incubating for 24 hrs at 37°C, 5%
CO, with either alum (10 ug/mL) or medium: cRPMI (monocytes), cDMEM (BMDMs). On
day 1, the supernatants were removed from the wells and the remaining stimuli were
washed with warm PBS and fresh cRPMI or cDMEM was added to the wells and then left
for 6 days, changing the media on the 3" day. After 6 days, the trained monocytes/BMDMs
were re-stimulated with a range of TLR agonists. Depending on final read-out, cells were
re-stimulated by incubating at 37°C, 5% CO; for specific time-points on day 7. Either

supernatants or cell lysates were collected and downstream assays carried out.
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Figure 2.2.1 Outline of in vitro training model of macrophages and downstream experiments. Bone
marrow cells are isolated from tibia and femur of mice and differentiated for 6 days in 10-25% L929-
conditioned media. On day 6 of differentiation, BMDMs are plated and exposed to training stimuli
(alum) for 24 h followed by a washout. The trained BMDMs are then rested for 6 days and re-
stimulated with TLR agonists or infected with BCG (depending on the particular experimental
question). Supernatants can be taken for ELISA, or cells lysed for Western Blot or g-PCR/NanoString.
Alternatively cells are imaged by phase contrast/fluorescent microscopy.
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2.2.9 In Vivo Innate Training

C57BL/6 mice were injected intraperitoneally (I.P.) with PBS or 1 mg of alum 3 or 7 days
prior to euthanisation. Mice were euthanised by CO, and death confirmed by cervical

dislocation. The femurs and tibias were taken and BMDMs set up as previously outlined.

2.2.10 Flow cytometry

Fluorochrome compensation was established using anti-rat and anti-hamster Ig k chain
negative control compensation beads (BD Pharmingen), or cells, were stained with a single
antibody. Auto-fluorescence thresholds were established by staining samples with
fluorescence-minus-one (FMO) control stains in which the fluorochrome of interest was
omitted. This allowed for the distinction between autofluorescent cells from cells
expressing low levels of individual surface markers. Debris was excluded from analysis by
identifying true cell populations from side scatter-area (SSC-A) versus forward scatter-area
(FSC-A) plots. Single cells were found by analysing FSC-width (W)/height (H) versus FSC-A.

Samples were acquired using Diva software and analysed using FlowJo (Treestar, Oregon).

2.2.11 Enzyme-linked immunosorbent assay (ELISA)

Measuring cytokine secretion

Cytokine concentrations from cell culture supernatants were measured using commercially
available ELISA kits from R&D Systems and Biolegend. All antibodies and recombinant
cytokine standard concentrations, buffers and diluents and incubation times for the

different ELISA kit components are listed in Table 2.6.

ELISA protocol for the quantification of cytokine secretion

High binding plates (Greiner Bio One) were coated with capture antibody in PBS or sodium
carbonate buffer, depending on the cytokine of interest (50 uL/well) and incubated
overnight at 4°C or RT. After washing with PBS-Tween (wash buffer), the plates were

incubated for 1 or 2 hrs (depending on kit) at RT with 150 uL of blocking solution to prevent
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non-specific binding. The plates were washed with wash buffer and aspirated and 50 pL of
sample supernatant or serial dilutions of standard were added to the plate and incubated
for 2 hrs at RT. The plates were subsequently washed again in wash buffer and detection
antibody (50 pL /well) was added and the plates incubated for either 1 or 2 hrs at RT
depending on the kit. After washing again, HRP-conjugated streptavidin (50 uL/well) was
added to the plates and incubated at RT and in the dark for 20 or 30 mins depending on
the kit. The plates were washed for a final time and OPD or TMB substrate was added (50
uL/well). The enzyme reaction was stopped by adding 1M H,SO4 (25 pL/well) and the
optical density (OD) values determined by measuring the absorbance at 492nm (OPD) or
450nm (TMB) using a Versa Max microtiter plate reader. The concentrations of cytokines
were determined using a standard curve generated by recombinant cytokines of known

concentrations.

2.1.12 Real-time PCR

RNA isolation

Total RNA was isolated from cells using the High Pure RNA lIsolation Kit (Roche) following
the manufacturer’s instructions. Following stimulations and incubation for appropriate
time points cells were lysed with buffer RLT and added to a column and incubated with
DNAse | to digest any contaminating DNA. After three wash steps the RNA was eluted in
RNAse-free H,0 into nuclease-free microcentrifuge tubes. Each RNA sample (1 puL) was
added to the Nanodrop spectrophotometer and the absorbance read at 260 nm. The
260/280 nm ratio was used to measure the quality and concentration of RNA. RNA samples

were stored at -80°C for later use.

Reverse transcription

Isolated RNA was used to produce complementary DNA (cDNA). The RNA concentration of
each sample was adjusted to 200 ng by adding H20 up to a total volume of 5 pL. cDNA was
synthesised by adding 5 pL of master mix to each sample including random hexamers to
serve as primers for DNA synthesis, Reverse transcriptase (RT) enzyme to generate cDNA

and RNaseOUT to inhibit ribonucleases. To exclude any possible DNA contamination a
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random sample without RT enzyme (replaced with nuclease-free H20) was used as a
control with each RT-PCR cycle. The PCR settings used are described in Table below. After
the cycle was complete, 20 uL of nuclease-free water was added to dilute the cDNA sample

and stored at -20°C.

Quantitative Real-time PCR

gPCR was performed using cDNA and forward and reverse primers (5 pmol/uL) using the
Kapa SYBR® Fast gPCR Kit. In addition to the no RT control, cDNA was replaced with
nuclease free H,O to exclude genomic DNA contamination in the samples or reagents.
Samples were run on an Applied Biosystems 7500 Fast system for 40 cycles of 2 mins at
95°C followed by 3 seconds at 95°C, and finally by one cycle of 30 seconds at 60°C.
Dissociation curve analysis was performed after a completed real-time gqPCR to exclude
non-specific products. The change in gene expression was normalised to b-actin expression

from the corresponding sample.

2.2.13 Western Blot

Protein extraction from supernatants

BMDMs (1 X 10° cells/mL) were plated in 1 mL of cDMEM in a 12-well flat bottom tissue
culture plate. Cells were then stimulated at various time points, supernatants were
removed and cells washed with PBS. The cell pellet was lysed with 100 pL RIPA lysis buffer
(Table) containing protease (1% v/v) and phosphatase inhibitors (1% v/v) on ice for 30 mins
with vortexing every 10 mins. The resulting cell lysate was transferred to Eppendorf tubes

and frozen at -20°C for later use or kept on ice for immediate use.

SDS-PAGE

10 pL of sample was mixed with 10 uL of 2X Laemmli sample buffer (approximately 20 pg
of protein), boiled for 5-10 mins at 95°C. Gels were prepared and 20 pL of sample was
loaded into each well, in addition to 5 pL Page ruler pre-stained protein ladder (Thermo
scientific). Once samples were loaded, the gel was run at 100-120 volts (V) for 90 mins in

running buffer.
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Transfer of proteins onto polyvinylidene difluoride (PVDF) membrane

Proteins were transferred to a PVDF membrane using a semi-dry blotter (Cleaver Scientific
Ltd). The PVDV membrane was activated in methanol by immersion for 30 sec, washed in
water for 2 mins and then soaked in transfer buffer for 5 mins. The PVDF membrane was
then placed onto a sheet of filter paper that had been soaked in transfer buffer. The gel
was carefully placed over the PVDF membrane and an additional sheet of soaked filter
paper was placed on top of gel. Any air bubbles were rolled out. The proteins were

transferred from the gel to the membrane at 50 milliamperes (mA) per gel for 75 mins.

Immunodetection of proteins

The blotted membrane was removed from the transfer machine and immediately placed
in blocking buffer. The blot was incubated for 1 hr at RT with gentle shaking. The membrane
was then probed with appropriate dilution of primary antibody in blocking buffer and
incubated overnight at 4°C with gentle shaking. The membrane was washed 3 X 5 mins with
20 mL wash buffer. The membrane was then incubated with recommended dilution of HRP-
conjugated secondary antibody (1/10000) in blocking buffer at RT for 1 hr with gentle
shaking. The membrane was washed again three times for 5 mins each. Visualised on the

Li-cor Odyssey 9120 Imaging System.

2.2.14 NanoString nCounter System

Sample Preparation: BMDM lysis and RNA isolation

On day 7 of the in vitro training protocol, alum-trained or DMEM-trained BMDMs were re-
stimulated with DMEM or LPS 10 ng/mL for 3 hrs or 8 hrs. The supernatants were removed
and cells lysed and homogenized in highly denaturing guanidine-isothiocyanate-containing
Buffer RLT Plus (Qiagen) to inactivate RNases. The lysate was then passed through the
gDNA eliminator spin column, selectively removing genomic DNA. To allow appropriate
binding conditions for RNA ethanol was added and the sample was applied to an RNeasy
MinElute spin column containing a silica membrane to specifically bind RNA from cell
lysates. Following several wash steps the purified RNA was finally eluted in nuclease-free

H.0.
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RNA Quality Control
RNA quality was assessed using the RNA 6000 assay on the Agilent Bioanalyzer,

(all samples were shown to have RIN values greater than 8.5.)

RNA Quantification
RNA guantity was determined using the Qubit High Sensitivity RNA kit and all samples

were adjusted to 20.0 ng per pL; 5.0 uL (100ng) was used per NanoString assay.

NanoString Hybridisation Reaction

The hybridization reaction was set up at RT. The mastermix was made up by adding 70 pL
of hybridization buffer to the Reporter Codeset tube and inverting it repeatedly. 8 uL of
mastermix was added to each of the 12 tubes (12 samples/panel) followed by 5 uL of each
sample. The Capture Probeset was then mixed and spun down and 2 ul was added to each
tube. The tubes were mixed by repeated inversion, spun down and placed in thermal cycler

at 65°C overnight.

NanoString Prep Station

The NanoString Prep Station is a multi-channel pipetting robot that processes samples to
prepare them for data collection on the Digital Analyzer. This automated instrument
performs liquid transfers, magnetic bead separations and immobilization of molecular
labels on the sample cartridge surface. After sample processing and hybridization at 65°C
overnight, the hybridized samples were inserted into the Prep Station for purification and

immobilization onto the internal surface of the sample cartridge.

NanoString Digital Analyzer

The nCounter Digital Analyzer is a multi-channel epifluorescence scanner that is specially
designed to image and analyse NanoString’s nCounter Cartridges.

Following purification and immobilization steps the sample cartridge was then transferred
to the Digital Analyzer for imaging the immobilized fluorescent reporters in the cartridge
with a CCD camera through a microscopic lens and analysing the fields of view (FOV)

collected for each sample and counting hundreds to thousands of target molecules. The
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images were then exported to a comma separated value (CSV) file and analysed using
NanoString’s nSolver Analysis Software and Advanced Analysis add-on. QC was carried out
using nSolver QC tools highlighting targets with an absolute copy number of 20 or lower as
flagged (indicated in blue bar on HeatMaps.) Internal reference genes were selected based
on nSolver criteria including comparable expression between treatment and control groups
and a wide range of Ct values to analyse variabilities in each candidate reference gene. A
full list of fold changes and selected internal reference genes are listed in the

supplementary section table 1.

2.2.15 Seahorse metabolic flux analyser

For real-time analysis of the extracellular acidification rate (ECAR) and oxygen-
consumption rate (OCR) of BMDMs cultured under various conditions, a Seahorse XF-96
Analyzer (Seahorse Bioscience) was used. BMDMs were seeded at 150,000 cells per well in
a Seahorse XF-96 plate. Sequential measurements of ECAR and OCR made after the

III

addition of the inhibitors at a final “well” concentration of the following: oligomycin (1 uM),
FCCP (1 uM), rotenone plus antimycin A (500 nM) and 2-deoxyglucose (2DG, 25 mM) Rates
of basal glycolysis, glycolytic capacity, basal mitochondrial respiration and maximal

mitochondrial respiration were calculated using the following equations:

e Basal OCR: (average OCR before Oligomycin) — (average OCR after
Rotenone/Antimycin A injection)

e Basal ECAR: (average ECAR before Oligomycin) — (average ECAR after 2-DG
injection)

e Maximal Respiration: (average OCR after FCCP injection) — (average OCR after
Rotenone/Antimycin A injection)

e Maximal Glycolysis: (average ECAR after Oligomycin) — (average ECAR after 2-DG

injection)
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Figure 2.2.2 Analysis of Oxidative Phosphorylation rates using the
Seahorse extracellular flux analyser. Basal rates of OxPhos are
determined by the amount of oxygen being consumed over time (OCR).
ATP synthase, the enzyme that generates ATP from ADP at the end of
the electron transport chain (ETC) is inhibited by injection of
Oligomycin. FCCP addition disrupts the proton gradient across the inner
mitochondrial membrane, which is coupled to electron transport, thus
allowing protons to flow freely through the inner mitochondrial
membrane. In the presence of FCCP, the rate of OxPhos is thereby
maximally increased which can be calculated as Maximum
Mitochondrial Respiration. Antimycin A and Rotenone inhibit complex
llland | of the ETC respectively, therefore any oxygen consumption after
addition of these two compounds is non-mitochondrial respiration.
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Figure 2.2.3 Analysis of Glycolysis rates using the Seahorse
extracellular flux analyser. Basal rates of glycolysis are determined by
the change in extracellular acidification in the media over time,
resulting from the release of H+ protons during glycolysis (ECAR). ATP
synthase, the enzyme that generates ATP from ADP at the end of the
electron transport chain (ETC) is inhibited by injection of Oligomycin.
Following injection of 2-DG a direct inhibitor of glycolysis media
acidification can be attributed to processes other than glycolysis.
Glycolytic capacity is the rate at which glycolysis is maximally increased
and can be used to calculate the rate of glycolysis.

46



2.2.16 BCG Infection Assay

Pre-experiment Bacterial Culture (performed by Morgane Mittermite, School of
Veterinary Medicine, UCD)

Frozen aliquots of Mycobacterium (BCG Denmark) (1 X 10’CFU/mL) in 1 mL screw-cap tubes
were thawed inside the Class Il microbiological safety cabinet (MSC). The 1 mL aliquots
were diluted in 9 mL of 7H9 media in a 50 mL tube, sealed and sprayed with 5% Biocleanse.
The tubes were allowed to sit for 5 mins in the MSC before being transferred to the 37°C
incubator. They were allowed to grow statically until the optical density was approximately
0.5. The OD was read by adding 1 mL of sample to a cuvette and reading on the
spectrophotometer. The culture was up-scaled to a large volume by transferring 4 mL from
the starter culture to 46-96 mL of 7H9 Middlebrook broth in a large cell culture roller bottle.
The OD of the up-scaled culture was adjusted to 0.1 to correspond to an early lag-phase of
bacterial growth. The bottles were placed on rollers in a 37°C incubator and rotated 1-2
rotations per min and allowed to grow for approximately 5 days until the OD is 0.5-0.8,

corresponding to logarithmic phase of bacterial growth.

Bacterial Preparation

When the culture had reached the desired OD, 20 mL aliquots were transferred to a 50 mL
centrifuge tube. The tubes were sealed and sprayed with biocleanse and allowed to stand
for 5 min in a sealed centrifuge bucket prior to removing from the Class Il cabinet. The
buckets were carefully transferred to the centrifuge and centrifuged at 1000 x g for 10 mins.
After centrifugation the supernatants were discarded by pipetting into 5% Biocleanse in
the MSC. Sterile glass beads were added to the tubes and the caps closed tightly and
vortexed on full power for 1 min. Pre-warmed cDMEM was then added and the pellet re-
suspended by careful pipetting. The tubes were allowed to stand to sediment cells. The 5
mL from the centre of the tube was carefully removed and transferred to another falcon
tube while avoiding disruption of pellet. The tube was then transferred to a new 15 mL
tube and the bacterial suspension was transferred to a small tissue culture plate and passed
slowly and carefully through a 26G needle about 15 times to disaggregate bacterial clumps
before being transferred back to the 15 ml tube. The OD was measured as before using the

spectrophotometer. An OD of 0.1 corresponds to approximately 107 bacteria/mL.
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Depending on number of macrophages per well and required MOI dilutions were made in
cDMEM for each bacterial culture for 2.5 X 10° bacteria/mL and made up to a final volume

of 30 mL.

Bacterial Infection

The macrophages were infected with mycobacteria at an appropriate MOI prepared in
antibiotic-free culture media. The media was completely removed from the wells and
replaced with 1 mL bacteria or media alone. A sample of each MOI was taken to determine
the infecting dose by colony forming unit (CFU) counting. The cells were incubated for 3
hrs at 37°C after which point the media was removed from the 24 and 48 hr plates, the
wells washed twice with PBS and fresh media was added before the plates were returned
to the incubator for the appropriate incubation time. After 3 hrs of infection the time point

was deemed as “0 hrs”.

2.2.17 Confocal Microscopy

BMDMs (0.5 X 10° cells/mL) were plated in cDMEM on 35mm glass bottom tissue dishes.
Cells were treated with different stimuli for specific times. After several washes with PBS,
cells were stained with Pl and TMRM and viewed using a Leica SP8 gated STED motorised

inverted microscope.

2.2.18 Phase Contrast Microscopy

BMDMs (0.5 X 10° cells/mL) were plated in cDMEM in 12 well cell culture dishes and treated
with different stimuli for specific times. Cells were visualised using an Olympus 1X81

inverted microscope.
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2.2.19 Statistical analysis

Statistical analysis was performed using GraphPad Prism V6.04 software and nSolver and
nSolver Advanced Analysis software. The means of three or more groups were compared
by one-way ANOVA. Where significant differences were found, the Tukey multiple
comparisons test was used to identify differences between individual groups. To compare
each of a number of treatments to a single control, Dunnett’s post hoc test was used. For

human monocytes, a paired non-parametric T test was used.
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Chapter 3 Alum trains human monocytes and murine BMDMs

3.1 Introduction

Alum has been widely used in several childhood vaccines due to effectiveness in promoting
antibody responses and robust safety profile. As a vaccine adjuvant, alum behaves as an
immunomodaulator, but the mechanisms underlying the ability of alum to modulate innate
immune responses remains relatively unresolved. IL-10 is an important cytokine which
limits excessive inflammation and promotes repair'4*. Previous data from the Lavelle lab
has shown that injection of alum primes draining lymph nodes to produce enhanced IL-10
ex vivo in response to a range of stimuli for at least 7 days after vaccination. Importantly,
macrophages and DCs at the injection site were found to be major sources of IL-104%,

The recently coined “trained immunity” challenges the classical view of innate versus
adaptive immunity, suggesting that innate cells can retain memory of past immunological
insults. This allows for a long-term inflammatory response that can be measured by
increased cytokine production upon subsequent stimulation with unrelated stimuli'#°.
The ability of alum to enhance IL-10 responses some time following injection led to the
hypothesis that alum can train monocytes and macrophages by modulating the
inflammatory profile of innate cells when challenged with a secondary, unrelated stimulus.
Furthermore, the ability of alum to enhance the production of other anti-inflammatory
cytokines such as IL-1Ra by innate immune cells has not been previously explored at a
mechanistic level prompting evaluation of its potential involvement as a product of alum-
training.

Several studies have demonstrated that innate training with the fungal cell wall component
B-glucan, allows cells to respond with an increased production of pro-inflammatory
cytokines. In contrast, training innate cells with LPS has been shown to induce tolerance
whereby cells become refractory to secondary stimulation'*>. However, several studies
have characterised the transcriptional profile of tolerated cells demonstrating a global
transcriptional shift including upregulation of anti-inflammatory associated cytokines such
as IL-10, TGF-B’° and IL-1Ra’®.

This study investigates whether alum can train innate immune cells to adopt a distinct
phenotype which favours resolution of the initial inflammatory response that is distinct

from other known trainers of innate immunity such as B-glucan and BCG.
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3.2 Aims

This results chapter aims to identify the following:

To establish a robust in vitro model of trained immunity in both human monocytes
and murine bone marrow-derived macrophages

To investigate the potential of alum to train human monocytes and murine bone
marrow-derived macrophages by measuring cytokine responses upon re-
stimulation with LPS (or other PRR agonists) 7 days after training

To evaluate whether macrophages trained by alum for 24hrs adopt and maintain a
distinct morphology during the in vitro training period

To evaluate the functional effects of alum-trained BMDMs in an in vitro model of
infection

To assess the transcriptional profile of inflammation related genes in murine bone

marrow-derived macrophages 7 days after training with alum
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3.3 Hypothesis

As a vaccine adjuvant, alum naturally behaves as an immunopotentiator. In the case of
vaccines, alum’s interaction with innate cells prompts antigen uptake by APCs and favours
humoral rather than Th1 cellular responses. How alum influences the innate response is
still relatively unresolved. Previous data from the Lavelle lab has shown that injection of
alum alone primes draining lymph nodes to produce enhanced anti-inflammatory IL-10 ex
vivo at least 7 days after vaccination'*!. Macrophages and DCs at the injection site were
importantly found to be major sources of IL-10. Alum-induced cell infiltration to the
injection site was uncompromised in IL-10 knockout mice, but Th1l antigen-specific
responses were markedly boosted.

The ability of alum to enhance IL-10 induction when administered alone prompted us to
hypothesise that alum can train monocytes and macrophages (in vitro and in vivo) by
altering the cytokine profile of these innate cells when re-stimulated with PRR agonists.
The hypothesis of this chapter is that training by alum causes monocytes/macrophages to
become a specialised type of innate cell characterised by an anti-inflammatory phenotype
favouring pro-resolution of the initial inflammatory responses that is distinct from other

known trainers of innate immunity such as 3-glucan and BCG.
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3.4 Results

3.4.1 Human PBMC density centrifugation through two Percoll gradients (51% and 42%)
and sedimentation through autologous plasma yields a highly purified and viable

monocyte population

It has previously been reported that human monocytes can be trained to be more pro-
inflammatory with B-glucan, or more tolerant, with LPS'#>. Accordingly, the first step of this
project was to reproduce the training model established by Netea et al using our stimulus
of interest, alum. Monocytes are produced in the bone marrow and then enter the blood,
where they account for about 1-10% of the circulating leukocytes. They can be isolated
from whole blood or buffy coats using several methods, including density-gradient
centrifugation by exploiting the different density properties of immune cells. Leukocyte
subpopulations such as peripheral blood mononuclear cells (PBMCs) can be separated from
buffy coats by overlaying the buffy coat fraction on a Ficoll-paque gradient (density 1.077
g/mL) to generate a PBMC-enriched fraction between the Ficoll-paque layer and the
platelet-rich plasma. Similarly, monocytes can be separated from PBMCs using a Percoll
density-gradient, comprising a colloidal solution of silica 15-30 nm in diameter coated with
polyvinylpyrrolidone (PVP), which can form gradients with a density range of 1.0 to 1.3
g/mL.

To optimise the monocyte isolation protocol, several challenges were encountered and
overcome. The first protocol used for isolating human monocytes from PBMCs, which
employs a hyper-osmotic density gradient (Percoll + NaCl), was provided by Professor Mihai
Netea’s research group in Radboud University. Buffy coats yielded an average of 250 x 10°
PBMCs per donor by standard Ficoll density centrifugation, however, the hyperosmotic
Percoll gradient yielded low monocyte cell counts with poor viability (based on Trypan blue
exclusion).

Monocytes become activated by several factors including blood coagulation and
alterations in osmolarity. The existing methods can result in cell contamination with
lymphocytes, erythrocytes and platelets, in addition to cell clumping, which can result in
variability in the yield of viable monocytes. Following several optimisation schemes and

extensive research, another protocol from Guilbert et a/*® was combined with the original
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protocol from Netea’s lab to devise an optimal purification procedure to generate
monocytes with high viability. In summary, this hybrid monocyte isolation protocol involves
separating mononuclear cells from polymorphonuclear leukocytes using a slightly diluted
Ficoll gradient (1.5 mL of 1X PBS in 23.5 mL Ficoll-paque), sedimentation through
autologous serum to remove platelets and finally separating monocytes from lymphocytes
with 42% and 51% Percoll gradients. FACS analysis was carried out to assess the purification
protocol. The gating strategy is shown in Figure 3.1 and includes each fraction throughout
the purification process including the initial buffy coat fraction Figure 3.1(A), PBMC fraction
Figure 3.1(B) and monocyte fraction Figure 3.1(C). This approach yielded a more highly
purified monocyte culture (¥65%) with a significant increase in the number of viable
monocytes per donor Figure 3.1(C). Following 2-3 hours of plastic adherence of the purified
monocyte fraction, non-adherent cells are washed away, further purifying the remaining
adherent monocyte population. The number of CD45* cells was comparable between
PBMC and monocyte fractions Figure 3.1(D). However, the monocyte fraction yielded twice
as many CD45*CD11b* cells Figure 3.1(E) when compared with whole PBMCs. Furthermore,
there was a significant increase in the number of CD14*CD11b* cells in the monocyte
fraction Figure 3.1(F) and this monocyte fraction was also highly positive for HLA- DR when

compared with the PBMC fraction Figure 3.1(G).
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Figure 3.1 FACS analysis of Ficoll and Percoll fractions. Buffy coats from anonymous
healthy blood donors were processed by density-gradient centrifugation and each fraction
in the isolation process was analysed by FACS. Monocytes were defined as CD11b+CD14+.
(A-C) Gating Strategy for buffy coat (A), PBMCs (B), monocytes (C). (D) Total number of
lymphoid cells within “PBMC” and “Monocyte” fractions. (E) total number of
CDA45+CD11b+ cells in each fraction. (F) total number of CD14+CD11b+ monocytes in each
fraction. (G) total number of CD14+CD11b+HLA-DR+ monocytes in each fraction. Results
are representative of two blood donors. **p<0.01 PBMCs vs Monocytes by unpaired t test.
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3.4.2 Alum trains human monocytes to produce more IL-10 and TNF-a. upon secondary

stimulation with LPS

A paper recently published by the Lavelle lab reported that alum drives IL-10 secretion in
human monocytes when co-incubated with LPS**'. In order to establish if IL-10 could also
be induced in human monocytes trained by alum alone, the optimal concentrations for
alum were tested in an in vitro training model. As alum has been shown to kill cells at high
concentrations, cells were stimulated with alum over a range of concentrations from 0.5
ng/mL-100 ng/mL. After 24 h, cells were washed, incubated for 6 days and re-stimulated
on day 6 with 1 ng/mL LPS for 24 h. Training of human monocytes with alum for 24 h before
a rest period of 6 days did not induce IL-10 or TNF-a. production when incubated with
medium only Figure 3.2(A)&(C). However, training of human monocytes for 24 h with alum
increased the production of IL-10 in a dose-dependent manner upon re-stimulation with
LPS Figure 3.2(B). Furthermore, alum-trained cells exhibited enhanced TNF-a secretion
upon re-stimulation with LPS when compared with un-trained cells Figure 3.2(D). This
effect was dose dependent, however and was reduced at the highest concentrations of
alum (100 ng/mL). High concentrations of alum can lead to death in human monocytes!#’
and as a result, the optimum alum concentration selected was 100 ng/mL for human
studies.

As the buffy coats are sourced from the Irish Blood Transfusion Services in St James’
Hospital the only information available on each blood donor was blood type. Vital
information such as age, sex and vaccination history could not be obtained for these studies.
In order to stratify our results somewhat, donors were selected on the basis of their ability
to drive IL-10 cytokine production following in vitro training of monocytes with alum. Figure
3.3(B) shows the typical variability observed for LPS-induced IL-10 secretion from trained
monocytes in response to alum from eight blood donors compared to cRPMI controls on
day 7 Figure 3.3(A). Although the overall response is significantly enhanced across the eight
blood donors when PBMCs were trained with alum only 50% of the donors exhibit an
enhanced effect on IL-10 secretion upon re-stimulation with LPS, 6 days after alum priming.
These results suggest that the responses in the training model are highly variable while

using human monocytes isolated from healthy blood donors.
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Figure 3.2 Alum-training increased production of IL-10 and TNF-a in human
monocytes re-stimulated with LPS 7 days after training. Human monocytes isolated
from healthy blood donors were stimulated with cRPMI or alum (at a range of
concentrations 0.5-100 ng/mL) for 24 h and re-stimulated for a further 24 h with
cRPMI or LPS 1 ng/mL 7 days later. IL-10 production following re-stimulation with
cRPMI (A) or LPS (B). TNF-a production following re-stimulation with cRPMI (C) or LPS
(D), measured by ELISA. Results are represented as the mean + SEM of 3 healthy blood
donors. *p<0.05, ****p<0.001 un-trained v Alum-trained cells by one-way ANOVA
plus Dunnett post-test.

57



(A)

(B)

+cRPMI

12004

1000+

800+

600+

IL-10 (pg/mL)

400+

200 eoog000® ooy’
cRPMI Alum

+LPS

12007

1000+

800

600

IL-10 (pg/mL)

\

400+

200+

cRPMI Alum

Figure 3.3 Alum-training increased production of IL-10 in 50%
of blood donors. Human monocytes isolated from healthy blood
donors (n= 8) were un-trained or trained with 100 ng/mL alum
for 24 h and re-stimulated after 7 days with (A) cRPMI or (B) 1
ng/mL LPS. After 24 h IL-10 production in alum-trained versus
un-trained monocytes was measured by ELISA. Differences were
analysed using the Wilcoxon signed-rank test. *p<0.05
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3.4.3 Alum-trained murine BMDMs are primed for enhanced secretion of IL-10

Due to the number of limitations encountered when using human monocytes for the in
vitro training model the project was successfully translated into murine BMDMs. As
mentioned, previous data generated in the Lavelle Lab has shown that alum strongly
enhances the secretion of IL-10 by macrophages and dendritic cells'*!. As before, a range
of alum concentrations were tested in BMDMs to obtain the optimal doses for subsequent
training experiments. Concentrations of alum ranging from 1 ng/mL-100 pg/mL were used
to stimulate BMDMs for 24 h and after a 6 day rest period the cells were re-stimulated with
10 ng/mL LPS for 24 h. Training of BMDMs with alum for 24 h did not induce IL-10 or TNF-
o secretion upon incubation with medium only. However, increased secretion of IL-10 was
observed in BMDMs that were trained with alum at 10 pg/mL upon re-stimulation with LPS
Figure 3.4(B). As a result, 10 pg/mL was selected as the optimal concentration for alum-
training in BMDMIs. A slight reduction in TNF-o. secretion was observed in BMDMs trained
at higher concentrations (500 ng/mL-10 pug/mL) of alum in preliminary experiments Figure
3.4(D). However, due to variable background levels, TNF-o. was not used as the primary

cytokine readout for alum training in vitro.
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Figure 3.4 Alum-trained murine bone marrow-derived macrophages display altered
cytokine secretion when re-stimulated with LPS 7 days post-training. BMDMSs were
trained with cDMEM or alum (1 ng/mL-10 pg/mL) and re-stimulated 7 days later with
cDMEM or 10 ng/mL of LPS. After 24 h IL-10 and TNF-a. secretion was measured by ELISA.
IL-10 production following re-stimulation with cDMEM (A) or LPS (B). TNF-a production
following re-stimulation with cDMEM (C) or LPS (D) measured by ELISA. Results are mean
+ SEM of 3 female mice. *p<0.05 DMEM vs Alum-trained cells by one-way ANOVA plus
Dunnett post-test.
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3.4.4 Alum-training alters the morphology of murine BMDMs

Changes in the membrane morphology of macrophages stimulated with alum for 24 h was
observed during routine monitoring of the cells throughout the training period using light
microscopy. Furthermore, during the training protocol, increased cell numbers were
observed in the wells that were stimulated with alum on day 0. Consequently, the cells
were monitored and imaged by phase contrast microscopy. After 24 h of stimulation with
alum, before the wash and rest step, the cells were visibly larger than control cells at the
highest concentration of alum tested Figure 3.5(A). By day 4 of the training period there
was no difference in the morphology or number of BMDMs primed with the lower
concentration of alum (100 ng/mL) on day 1 or cDMEM alone on day 1 Figure 3.5(B).
However, those stimulated with the highest concentration (10 pg/mL) of alum exhibited a
distinct morphology Figure 3.5(B), being larger in size as on day 1 and also displaying a
rounded appearance. Interestingly, the concentration of alum that induces these
morphological changes is also the optimal concentration for driving alum-trained IL-10
when BMDMs are re-stimulated with LPS on day 6 Figure 3.4(C). By day 7, alum-trained
macrophages (10 ug/mL) retained this distinct morphology and appeared to be significantly
more abundant than cells stimulated with the lower concentration of alum or cDMEM
Figure 3.5(C). Furthermore, this apparent increase in the number of alum-trained
macrophages was enhanced when these cells were re-stimulated with LPS for 24 h on day
6 Figure 3.5(D). This increase in the number of cells was observed consistently by eye during
routine microscopy analysis and by trypan blue exclusion throughout the in vitro training
protocol.

The increased cell size observed in trained macrophages by microscopy was further
investigated and quantified by FACS analysis. When macrophages were analysed by FACS
on day 1 and day 7 of the training period, the cells were notably larger as determined by
FSC-A Figure 3.6(B) and more granular by SSC-A Figure 3.6(C) when compared with cells
that only received cDMEM during the initial 24 h training stimulation. Furthermore, when
macrophages were imaged on day 4 of a typical training experiment, those stimulated with
alum on day 0 were larger, more rounded and more abundant than those stimulated with

cDMEM or the well-established innate training stimulus, B-glucan Figure 3.6(D). These
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results indicate that alum training results in distinct morphological changes in macrophages

when compared with un-trained cells.
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Figure 3.5 Macrophages increase in size and adopt a distinct morphology following 24
h stimulation with alum. Macrophages were stimulated with cDMEM or alum (100
ng/mL or 10 pg/mL) for 24 h and imaged throughout training period by phase contrast
microscopy. (A) cDMEM vs alum on day 1 of training protocol. (B) cDMEM vs alum on
day 4. (C-D) cDMEM v alum on day 7 after re-stimulated with cDMEM (C) or 10 ng/mL
of LPS (D) on day 6. Representative images are shown from 3 independent experiments.
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Figure 3.6: Macrophages are larger 24 h after stimulation with alum and maintain this size after 7
days. Macrophages were analysed by flow cytometry 1 and 7 days after stimulation with cDMEM or
alum (10 pg/mL). (A) Gating strategy. (B) Macrophage size as measured by FSC-A (red = alum, blue
= cDMEM). (C) Macrophage granularity as measured by SSC-A (orange = alum, green = cDMEM). (D)
Phase contrast images of macrophages imaged on day 4 after stimulation with cDMEM, B-glucan
(10 pg/mL) or alum (10 ug/mL). Representative graphs and images are shown from 4 independent
experiments.
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3.4.5 BMDMs stimulated with alum on day 0 retain macrophage marker expression

throughout the training period

Because of the morphological differences in alum-trained macrophages it was necessary to
characterise these cells throughout the training protocol to establish if their macrophage
profile had been altered. Cells were stimulated with cDMEM or 10 pg/mL alum for 24 h and
analysed by flow cytometry on day 1, 3 and 6 of training. Live cells were gated using Aqua
Dead Cell stain and further characterized by CD11b, F480 and Grl expression. Doublets
were not excluded due to the cell size heterogeneity previously observed. Cells stimulated
with alum on day 0 display significant cell death (~40%) throughout the training period
Figure 3.7(B) when compared with un-trained cells (~¥10%) Figure 3.7(A). Interestingly,
FA80/CD11b expression was consistent between cDMEM- and alum-trained macrophages
throughout the protocol (¥92-96%), in line with the typical expression profile of BMDMs.
Furthermore, expression of Grl, a protein used to further discriminate macrophage
populations from more monocytic-like cells, which are positive for Grl in addition to
FA80/CD11b* was examined. On day 1 of training only a third of untreated cells were Grl-
Figure 3.7(A) when compared with 55% of alum-trained cells Figure 3.7(B). The expression
of Grl increased in cDMEM stimulated cells by day 3 to 69% and this profile was retained
until day 6 Figure 3.7(A). In contrast, Grl expression observed on alum-trained cells was
similar on day 1 and day 3, with only a slight increase by day 6 Figure 3.7(B). These results
suggest that alum-trained cells maintain a macrophage phenotype over a sustained period

in culture in contrast to un-trained cells.
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Figure 3.7 Flow cytometric characterization of macrophages in a
representative sample of alum in vitro training model. Macrophages were
analysed by flow cytometry on days 1, 3 and 6 of a typical training protocol.
After exclusion of debris and non-viable cells, cells were identified using the
following markers; CD11b, F480 and Grl. Macrophage characterisation on
day 1, 3 and 6 following cDMEM stimulation (A) or 10 pug/mL of alum (B) for
24 h. Graphs shown are representative of 2 independent experiments.
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3.4.6 Macrophage membrane integrity is maintained following stimulation with alum

Due to the differences in cell numbers observed by phase contrast microscopy when
compared to FACS analysis of alum-trained BMDMs, it was important to establish if the
decrease in % of live cells observed during FACS analysis was due to the removal protocol
of adherent macrophages from the wells to process these cells for FACS. In order to do this,
macrophages were stimulated with cDMEM, B-Glucan (10 pg/mL), 10 pg/mL of alum or
100 pg/mL of alum. After 24 h, cells were stained with TMRM; a dye that stains active
mitochondria and propidium iodide (Pl); a dye that distinguishes live cells from dead cells
based on membrane permeability. The limitation of this assay is that both TMRM and PI
are the same colour causing the two stains to overlap. To overcome this, TMRM was
visualized in the green channel and only viable mitochondrial structures that stained green
within the cell were considered TMRM positive. Pl was visualized in red and only cells that
had taken up Pl and the entire cellular contents stained red were considered Pl positive.
When macrophages were imaged by confocal microscopy, those that received 10 pg/mL of
alum Figure 3.8(C) showed viable mitochondria based on structural staining of intact
mitochondria with TMRM when visualized in the green channel. Compared to a higher dose
of alum (100 ug/mL), the majority of mitochondrial structures within cells were not
detectable based on TMRM staining Figure 3.8(D). Furthermore, since Pl is impermeable to
live cells with a fully intact membrane this stain was used as a means of detecting dead
macrophages that were not positive for TMRM staining of viable mitochondrial structures.
BMDMs were counted by blind scoring using Pl staining (in the red channel) of the entire
cell to count dead cells and TMRM staining of viable mitochondrial structures that were
not positive for Pl to count live cells. Pl staining was positive in approximately 25% of
macrophages stimulated with 10 pg/mL of alum Figure 3.8(C) when compared with ~95%
of those that received the higher dose of alum (100 pug/mL) Figure 3.8(D). In contrast, un-
trained Figure 3.8(A) and B-glucan- Figure 3.8(B) stimulated BMDMs were almost
completely negative for Pl staining after 24 h. In addition, assessment of cell death 30 min
after stimulation did not indicate any reduction in viability for cells treated with cDMEM
Figure 3.9(A) or either concentration of alum Figure 3.9(C)&(D). Therefore, these results
suggest that the dose of alum used for training macrophages induces approximately 25%

cell death at 24 h after stimulation.
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Figure 3.8 Alum does not compromise the cell membranes of viable macrophages
following 24 h stimulation. Macrophages were stimulated with (A) cDMEM, (B) B-Glucan
(10 pg/mL), (C) alum (10 pg/mL) or (D) alum (100 ug/mL). After 24 h cells were stained
with TMRM (shown in green channel) and Pl (shown in red channel) and visualized by
confocal microscopy. Representative graphs are shown based on 2 independent
experiments.
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Figure 3.9 Macrophages are viable following short-term stimulation with alum at
optimum concentration. Macrophages were stimulated with (A) cDMEM, (B) alum (10
pg/mL) or (C) alum (10 ug/mL). After 30 mins cells were stained with TMRM (shown in
green channel) and Pl (shown in red channel) and visualized by confocal microscopy.
Representative graphs are shown based on 2 independent experiments.
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3.4.7 Bone marrow cells isolated from in vivo trained mice display increased proliferative

capacity

It has been shown that mice injected with alum are primed for enhanced production of IL-
10, Furthermore, the results in this chapter have shown that alum can train macrophages
to secrete higher concentrations of IL-10 upon re-stimulation. Therefore, it was necessary
to establish if injection of alum could train bone marrow cells in vivo and if these cells have
an ability to produce enhanced levels of anti-inflammatory cytokines ex vivo. Mice were
injected intraperitoneally with 1 mg of alum in 200 mL PBS or equivalent volume of PBS
alone and bone marrow cells were isolated 3- and 7-days post treatment. Bone marrow
cells from PBS and alum-injected mice were isolated and differentiated into BMDMs in
large petri dishes. The differentiated BMDMs were subsequently recovered from the petri
dishes and re-plated on day 6 of differentiation and stimulated with a range of PRR agonists
(day 0 of typical training protocol). These PRR agonists were: Zymosan (1 ug/mL), Poly (1)(C)
(1 ug/mL), B-Glucan (10 pg/mL), LPS (10 ng/mL), R848 (1 ug/mL) or CpG (1 pug/mL).

Bone marrow cells isolated from the femur and tibia of alum- or PBS-injected mice were
counted prior to plating for the macrophage differentiation protocol. Mice injected 7 days
prior to bone marrow isolation, with alum yielded almost three times more cells than PBS
injected mice Figure 3.10(A). These cells were seeded at the same density and
differentiated for 7 days in the presence of L929-conditioned media.

During the differentiation of these BMDMs, the cells from bone marrow of alum injected
mice were noticeably more abundant than those isolated from PBS mice (images not
shown). This was particularly evident when these cells were recovered from petri dishes
on day 6 of differentiation, at which stage they were counted and re-plated. Mice injected
with alum 3 days before euthanisation yielded twice as many BMDMs as PBS-injected mice
while mice injected with alum 7 days prior to bone marrow collection yielded almost three
times as many macrophages Figure 3.10(B), indicating enhanced proliferation or expansion.
BMDMs differentiated from the bone marrow of PBS- or alum-treated mice were re-plated
in 96 well plates at the same seeding density and stimulated for 24 h with the
aforementioned PRR agonists. The results showed enhanced IL-10 secretion by BMDMs
generated from the bone marrow of mice taken 3 days Figure 3.10(C) when re-stimulated

with poly(l)(C) or R848. BMDMs generated from mice70 7 days after PBS or alum injection
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following re-stimulation with a range of PRR agonists showed no significant enhancement
in IL-10 Figure 3.10(D). However, higher bone marrow (and BMDM) cell counts from alum
injected mice suggest that alum may be enhancing the proliferative capacity of bone
marrow cells, an effect that is retained by macrophages differentiated from alum-trained
bone marrow cells. This effect suggests that some of the enhancement in IL-10 that was
previously seen in vitro may have been partially due to differences in cell numbers during

the training period.
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Figure 3.10 Intraperitoneal injection of alum increases the proliferative capacity of bone

marrow cells in vivo and BMDMs in vitro. Mice were immunised I.P. with PBS or 1 mg of alum 3
or 7 days prior to euthanisation. Bone marrow cells were counted before plating for
differentiation. After 7 days, BMDMs from either PBS or alum-injected mice were re-stimulated
with a range of PRR agonists including: Zymosan (1 pug/mL), Poly (I)(C) (1 ug/mL), B-Glucan (10
ug/mL), LPS (10 ng/mL), R848 (1 ug/mL) or CpG (1 pg/mL). (A) Bone marrow cell counts from
bone marrow of PBS or alum-injected mice. (B) BMDMs cell counts from PBS or alum-injected
mice on day 7 after differentiation in L929-conditioned media. IL-10 production by BMDMs re-
stimulated with different PRR agonists from mice immunized I.P. 3 days (C) or 7 days (D) prior to
euthanisation. Results are mean * SEM of 3 female mice. *p<0.05, **p<0.01, ****p<0.001.(A&B)
PBS-immunised vs alum-immunised for cell counts by unpaired t test. (C&D) cDMEM vs PRR
agonists re-stimulation after differentiation by one-way ANOVA plus Dunnett post-test.
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3.4.8 Alum-training strongly enhances secretion of the anti-inflammatory cytokines IL-10

and IL-1Ra following infection with BCG

In order to further elucidate the functional properties of alum in the training model,
macrophages were incubated with cDMEM or alum (10 pg/mL), as before, and infected
with live BCG on day 6 of training at an MOI of 5:1. Colony forming units (CFUs) were
determined to assess bacterial uptake and the killing ability of these cells when infected
with live mycobacteria. The % CFU difference at all time-points indicated that bacterial
uptake and bactericidal capacity were comparable for alum-trained and un-trained
macrophages Figure 3.11(A). In terms of total CFUs there was a slight increase in the
number of bacteria in alum-trained macrophages by 48 h. However, the most striking
differences were observed in the supernatants from macrophages 24 h after infection.
While secretion of TNF-a following BCG infection was slightly increased in macrophages
generated from the bone marrow of alum injected mice compared with un-trained cells
Figure 3.11(C), IL-10 Figure 3.11(D) and particularly IL-1Ra Figure 3.11(E) secretion was
strongly enhanced. These results suggest that although training with alum induced a
proliferative but anti-inflammatory phenotype in BMDMs, this does not impede uptake of
bacteria. There appeared to be an effect on bactericidal capacity, but future work would

be required to substantiate this observation.
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Figure 3.11 Macrophages trained with alum in vitro secrete anti-inflammatory cytokines in
response to infection with BCG. Macrophages were stimulated for 24 h with cDMEM or 10 pug/mL
alum (w/o pen/strep), washed and rested for 5 days. On day 6 macrophages were infected with live
BCG at MOI of 5:1 (5 live bacilli to 1 macrophage) for 3 h (time 0) before being washed and rested
for 48 h. Supernatants were taken after 24 h for ELISA while CFU counts were set up using
supernatants and cell lysates at 0, 24 and 48 h timepoints. (A) % CFUs of extracellular (supernatant)
vs intracellular (cell lysate) in macrophages trained with cDMEM or alum followed by BCG infection.
(B) Total CFU of live BCG (intra- and extracellular) over 48 h in un-trained v alum-trained
macrophages. TNF-a (C), IL-10 (D) and IL-1Ra (E) production by un-trained macrophages or
macrophages trained or alum 24 h after re-stimulation with cDMEM or infection with live BCG.
Representative graphs are mean = SD from two individual experiments with two mice/group.
*p<0.05, ****p<0.001 DMEM vs alum-trained macrophages by unpaired t test.
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3.4.9 Alum-training appears to globally down-regulate pro-inflammatory gene

transcription in macrophages

Having successfully optimized the in vitro training protocol in BMDMs, the transcriptional
profile of cytokines and other immunomodulatory mediators was explored. The NanoString
Murine Inflammation V2 panel containing 254 genes (248 inflammation-associated genes
+ 6 internal reference genes) was selected for characterizing alum-dependent
transcriptional rewiring in trained macrophages. A full list of genes and selected internal
reference genes are listed in supplementary table 1. NanoString’s nCounter Analysis
System employs the use of digital barcode technology for directly measuring multiple
analytes allowing a high sensitivity of <1 copy per cell. These molecular barcodes are
colour-coded and attached to a single target-specific probe which are then imaged to
detect hundreds of unique transcripts in a single reaction.

BMDMs from 3 female C57BL/6 mice were stimulated for 24 h with alum (10 pg/mL) or
cDMEM as before, and one week later, RNA was isolated, quantified and normalised to 100
ng. The RNA samples were then hybridized over night with NanoString Reporter and
Capture Probesets, inserted into the automated Prep Station and analysed by the Digital
Analyzer system the following day. Following normalisation by background subtraction of
the sample counts to 6 reference genes (verified by GeneNorm software) differential
expression between samples could be analysed using nSolver and Advanced Analysis
software. Alum stimulated macrophages are predominantly transcriptionally repressed
based on the 248 inflammatory genes assessed in this experiment Figure 3.12(A). The
majority of these pro-inflammatory genes are down-regulated with the exception of a small
group of up-regulated genes following BMDM stimulation with alum.

As an additional quality control step, qPCR verification of three genes, H2eb1, Ccl2 and Tir5
was carried out by Dr. John Browne from UCD to rule out any potential issues related to
the particular NanoString Codeset used, the NanoString nCounter MAX Analysis system or
the nSolver software used to analyse the data. The expression of these three genes across
all samples by gPCR was found to be 92-99% correlated with the expression profile
generated by NanoString Figure 3.12(B-D). Pathway analysis was further assessed using the
nSolver Advanced Analysis software and from the smaller group of upregulated genes

several potential pathways were highlighted. Of these potential pathways the chemokine
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family was found to be one of the most upregulated (Figure 3.13 A) and included both Ccl
(Figure 3.13 B) and Cxcl (Figure 3.13 C) family members. Other noteworthy pathways
identified include positive regulation of proliferation and antioxidant response (Figure 3.14
A). The proliferation associated genes highlighted in this pathway include prosurvival genes
Jun, Myc, Bcl211, Csf1 and Tnf (Figure 3.14 B). The antioxidant response includes members
of the Nrf2 pathway, Nfe2l2 itself and genes encoding the small Maf proteins Mafk and
Maff (Figure 3.14 C). Finally, the regulation of inflammation pathway is shown in Figure
3.15 A. Within this pathway, /1rn, the gene encoding IL-1Ra, the antagonist of the IL-1
receptor, was found to be the most highly expressed gene in alum-trained macrophages.
This gene expression profile was also associated with down regulation of /l1a, Il1b and 1118
(Figure 3.15 B). The IL-1Ra protein was also shown to be strongly induced when these cells
were infected with live BCG Figure 3.11(E). This confirms the results observed during the
BCG infection experiment, which highlights IL-1Ra as a key anti-inflammatory target in

alum-trained cells.
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Figure 3.12 NanoString HeatMap of overall differential gene expression in trained macrophages
BMDMs from 3 female C57BL\6 mice were stimulated with alum (10 pg/ml) or cOMEM for 24 h,
washed and rested for 6 days. On day 7, RNA was isolated and normalised to 100ng, hybridized
over night with NanoString Reporter and Capture Probesets, inserted into the automated Prep
Station and analysed by the Digital Analyzer system the following day. Differential gene expression
was analysed using nSolver and normalised to 5 selected internal reference genes using GeneNorm
software. Genes flagged in blue bar were below detection limit of 20 mRNA counts. (A) HeatMap
showing differential expression of all data (249 genes) in alum-trained v cDMEM BMDMs, blue =
downregulation, orange = upregulation based on mRNA counts. (B) qPCR analysis of TIr5 (B) Ccl2
(C) and H2-Eb1 (D) correlated with the NanoString normalised counts. N=3 mice. Experiment was
performed once.
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Figure 3.13 Pathway analysis of chemokine activity in trained macrophages BMDMs from 3
female C57BL\6 mice were stimulated with alum (10 pg/ml) or cDMEM for 24 h, washed and
rested for 6 days. On day 7, RNA was isolated and normalised to 100ng and NanoString was
performed as previously described. Differential gene expression was analysed using nSolver
Advanced Analysis and normalised to 5 selected internal reference genes using GeneNorm
software. (A) HeatMap showing differential expression of 13 genes associated with chemokine
activity in alum-trained v cDMEM BMDMs, blue = downregulation, orange = upregulation
based on mRNA counts. Genes flagged in blue bar were below detection limit of 20 mRNA
counts. (B) Fold change of CCL chemokine family member and (C) CXCL chemokine family
member gene expression in alum-trained BMDMs compared to un-trained controls. N=3 mice.

Experiment was performed once.

78



(A)

Positive.Control.QC.Flag
Binding.Density.QC.Flag
Imaging.QC.Flag

QC.Flag
Description
Nox1 - mRNA
Hras1 - mRNA
Tgfb2 - mRNA
Cxcr2 - mRNA
Areg - mRNA
011 - mRNA
6 - mRNA
13- mRNA Probe Annotations
15 - mRNA
Lta - mRNA
Csf3 - mRNA
4 - mRNA
Alox12 - mRNA
Fasl - mRNA
Csf2 - mRNA 3210123
115 - mRNA 2z-scores
Nod2 - mRNA
Pla2gda - mRNA
Cxcl10 - mRNA
PUC - mRNA flag/prune
Jun - MRNA W oyes
Bcl2i1 - mRNA ®no
Tnf - mRNA
Csft - mRNA Qc Flags
Myc - mRNA
Hdacd - mRNA B Tue O False
Ptgs2 - mRNA
Hif1a - mRNA
Tgfbrt - mRNA
Tgib1 - mRNA
Hmgb1 - mRNA
Pdgfa - mRNA
Rela - mRNA
Stat1 - mRNA
li6ra - mRNA
=
s Mouse3 Mouse2 Mousel Mouse2 Mouse3 Mousel
o . .
o H H H H
s H H
3 Alum cDMEM
]
(B) (@)
4 3
<
3
5 5 7
g g
2 2 ° 2
k] k]
[<] [}
L . w
14
1
0 o
Jun Myc Bcl2l1 Csf1 Tnf Nfe22 Mafk Maff

Figure 3.14 Pathway analysis of positive regulation of cell proliferation and anti-oxidant
response in trained macrophages BMDMs from 3 female C57BL\6 mice were stimulated with
alum (10 pg/ml) or cDMEM for 24 h, washed and rested for 6 days. On day 7, RNA was isolated
and normalised to 100ng and NanoString was performed as previously described. Differential gene
expression was analysed using nSolver Advanced Analysis and normalised to 5 selected internal
reference genes using GeneNorm software. (A) HeatMap showing differential expression of 35
genes associated with positive regulation of proliferation in alum-trained v cDMEM BMDMs, blue
= downregulation, orange = upregulation based on mRNA counts. Genes flagged in blue bar were
below detection limit of 20 mRNA counts. (B) Fold change of proliferation and prosurvival-
associated gene expression and (C) Nrf2 anti-oxidant and prosurvival associated gene expression
in alum-trained BMDMSs compared to un-trained controls. N=3 mice. Experiment was performed
once.
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Figure 3.15 Pathway analysis of regulation of inflammation in trained macrophages BMDMs
from 3 female C57BL\6 mice were stimulated with alum (10 pg/ml) or cDMEM for 24 h,
washed and rested for 6 days. On day 7, RNA was isolated and normalised to 100ng and
NanoString was performed as previously described. Differential gene expression was analysed
using nSolver Advanced Analysis and normalised to 5 selected internal reference genes using
GeneNorm software. (A) HeatMap showing differential expression of 5 genes associated with
regulation of inflammation in alum-trained vcDMEM BMDMs, blue = downregulation, orange
= upregulation based on mRNA counts. Genes flagged in blue bar were below detection limit
of 20 mRNA counts. (B) Fold change of IL-1 family member gene expression in alum-trained
BMDMs compared to un-trained controls. N=3 mice. Experiment was performed once.
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3.5 Discussion

The classical view of innate immunity is that it lacks the ability to retain immunological
memory, unlike its adaptive counterpart?. The dogma has recently been challenged by
several research groups that have postulated the existence of a type of innate immune
memory whereby organisms, including mammals, are protected from a broad range of
infections in a manner independent of T and B cells*®, This process coined “trained
immunity” allows for primed cellular responses to secondary infections and has been
shown to be mediated by innate immune cells, such as monocytes and macrophages'#°.
Innate immune memory to infection has been well documented in plants and has also been
the subject of intensive investigation in invertebrate models'*°. Of note, neither plants nor
invertebrates possess an adaptive immune system, which was classically regarded as the
sole means of conferring protection against reinfection in vertebrates. While it has been
shown that certain live vaccines, such as BCG, can induce trained immunity4?, the training
effects of non-living vaccines incorporating the widely used vaccine adjuvant alum have not
been addressed.

Adjuvants have been essential in the development of many vaccines®®! due to the fact that
most subunit antigens possess relatively poor immunogenicity'®. Alum remains the most
widely used vaccine adjuvant as it provides protection through the induction of antibody-
mediated immunity along with a robust safety profile!>2. Although it has been in use for
almost 100 years, the mechanism of action of alum has not been fully resolved, in particular,
its effects on innate immune cells.

The observation that alum increases the induction of IL-10 when co-incubated with LPS has
previously been shown in the Lavelle lab for both human monocytes and murine
macrophages!*. This effect was reproduced in the in vitro model of training for both cell
types, demonstrating for the first time that alum can train innate immune cells to produce
more IL-10 upon re-stimulation with LPS one week after initial stimulation. These trained
cells were also shown to secrete higher concentrations of TNF-a, however, due to
variability in background levels, TNF-o. was not a reliable cytokine readout in order to
measure the innate training potential of alum. The results in this chapter demonstrated
that monocytes isolated from healthy human blood donors display a highly variable

response to alum training, with only 50% of donors displaying increased IL-10 production.
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As these monocytes were isolated from blood donors obtained through the Irish Blood
Transfusion Services it was not possible to acquire important stratifying information such
as age, sex and vaccination history. As a result, the innate training model was subsequently
translated into murine BMDMs.

Phase contrast microscopic analysis throughout the in vitro training period revealed a
distinct morphology in alum-trained BMDMs, characterised by a highly abundant
population of rounded macrophages. FACS analysis further confirmed this, showing a
population of macrophages that were both larger and more granular than controls. Due to
the distinct differences in morphology between alum-trained and un-trained macrophages,
it was important to establish the macrophage marker expression profile of these cells
throughout the training period. FACS analysis of alum-trained cells required attention to
FSC and SSC voltages to allow for the analysis of the broad range of cell sizes (including the
large cells observed in the phase contrast images).

Mature BMDMs and activated macrophages can be identified by flow cytometry analysis
for expression of surface antigens including CD11b and F4/80. Furthermore, monocytic-
macrophages can be discriminated based on Grl expression, represented by the two
molecules, Ly-6G and Ly6C. BMDMs are F4/80™M4Gr1'°¥/"e8 while mature macrophages are
F4/80""Gr1"e8 cells. F4/80 and CD11b expression was comparable between cDMEM and
alum-stimulated cells, however, Grl expression was much higher in the un-trained cells
throughout the training period when compared with alum-trained cells. These results
suggest that un-trained cells revert to a more monocyte-like phenotype during the 6/7-day
training protocol. In contrast, the majority of alum-trained cells retain their macrophage
properties, even by day 7.

Live/dead staining during FACS analysis suggested that there was a significant degree of
cell death in the alum treated cultures, however, no indication of cell death was evident
when cells were assessed using light microscopy. For FACS staining, cells were recovered
from the dishes using PBS:EDTA on ice before being counted using trypan blue exclusion.
As the cells appeared viable and adherent when imaged in situ by phase contrast
microscopy throughout the 7 day training period, it was important to establish if the
membrane was being permeabilised by the initial interaction of the cells with alum, without
affecting the viability, an effect that is well documented in certain pore-forming bacteria®>3.

Plis a dye that binds to double-stranded DNA by intercalating between base pairs following
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uptake by cells with a compromised membrane, which for the most part, is a shared
property of dead cells'>*. Similarly, Aqua Dead Stain reacts with free amines both in the cell
interior and on the cell surface, which are only accessible on cells with compromised
membranes. In order to distinguish viable cells with a compromised membrane from dead
cells an alternative method for staining viable cells was required. TMRM is a cell-permeant
dye that accumulates in active mitochondria with intact membrane potentials'®>>. Therefore,
if the cells are healthy and have functioning mitochondria, bright staining will be seen.
Using confocal microscopy, TMRM was used to distinguish healthy viable cells, while Pl was
used to identify if the membranes of viable cells were permeabilised. Cells stimulated with
both concentrations of alum for 30 minutes were negative for Pl staining . However, some
cells stimulated with the training concentration of alum (10 ug/mL) for 24 h displayed
positive Pl staining without TMRM staining, therefore, distinguishing them as dead cells. In
contrast, the higher concentration of 100 ug/mL of alum killed all the cells after 24 h, which
has previously been shown by several research groups!*. Furthermore, un-trained and 3-
glucan-stimulated cells were almost completely negative for PI, indicating minimal cell
death. It must be noted that a limitation of this assay is that both TMRM and Pl are the
same colour causing the two stains to overlap therefore only differences in structural
staining can be used to show TMRM staining of viable mitochondria. These results suggest
that macrophages stimulated with the training concentration of alum undergo a limited
degree of cell death. However, this contrasts with the significant cell death observed during
FACS analysis. The results suggest that cells that take up alum possess a larger, more
rounded morphology that may result in membrane sensitivity during the recovery of
adherent BMDMs for FACS analysis. These data highlight the importance of evaluating cell
viability in a number of ways and also emphasizes the value of microscopy.

A key observation in these initial exploratory studies, in addition to the effects of alum on
cell morphology, was the increase in cell numbers during training following initial
stimulation with alum. This effect was also seen in vivo when mice were injected with alum
3 or 7 days prior to harvesting bone marrow. Mice injected intraperitoneally with alum 7
days prior to collecting bone marrow yielded more bone marrow cells when compared with
PBS-injected mice. Furthermore, when bone marrow cells were differentiated into BMDMs
for 6 days, those isolated from mice injected with alum were significantly more abundant

than those from mice injected with PBS. In this model, there was no indication that alum
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injection primed bone marrow cells for enhanced IL-10 secretion when re-stimulated with
individual PRR ligands. It is important to note that although there was an increase in
differentiated BMDMs from the bone marrow of mice injected with alum, cell numbers
were normalized prior to stimulation with PRR agonists. This increase in the number of
trained macrophages may be important in the context of cytokine production by these cells.
It is possible that increased survival of alum-trained cells and/or increased proliferation is
responsible for the elevated levels of IL-10 following LPS stimulation observed during the
in vitro training model. Furthermore, it is also important to consider the difference
between in vivo training effects of alum with regard to IL-10 secretion from BMDMs after
re-stimulation ex vivo, which may be less pronounced when compared with direct
stimulation of macrophages with alum in vitro.

Recently several studies have shown that macrophages trained with BCG or [B-glucan
possess heightened responses to secondary infection through the increased production of
pro-inflammatory cytokines such as TNF-a and IL-6 which support enhanced protection
during pathogen infection**. Furthermore, TNF-a. production is key in host defence against
mycobacterial infection®®®. Accordingly, alum-trained macrophages were infected with live
BCG to ascertain the effects of alum training in an in vitro infection model. CFU percentages
revealed more live bacteria present in alum-trained macrophages in the later time-point of
infection. These results indicate that training with alum does not impede uptake of bacteria,
however, alum-trained macrophages, may not be effective in killing bacteria once inside
the cell. Furthermore, the most striking observation was the altered cytokine profile of
these macrophages in response to mycobacterial infection. As seen before, TNF-a
secretion was comparable between both treatments, however, the production of anti-
inflammatory cytokines was dramatically enhanced in alum-trained macrophages 24 h
after infection with BCG. A significant increase in the secretion of IL-10 was observed as in
previous experiments. All data were normalised for differences in cell numbers, therefore
this increase in IL-10 was a result of enhanced secretion by macrophages and not due to
enhanced cell numbers. Furthermore, IL-1Ra was included in this experiment as an
additional anti-inflammatory cytokine as it has recently been shown to be an important
cytokine induced during innate immune training in response to helminths®’. Substantial

evidence shows that IL-1Ra functions exclusively as a competitive inhibitor of IL-1 by
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binding to IL-1 cell-surface receptors®®. Importantly, a balance between the ratio of IL-1
and IL-1Ra is vital in vivo to dampen excessive inflammation and prevent damage to
tissues®. In this study, IL-1Ra secretion was four-fold higher in BCG-infected macrophages
trained with alum. This is a key finding as alum has not previously been shown to enhance
production of this cytokine by macrophages. The beneficial innate immune training effects
of vaccines has been specific to live vaccines such as BCG, measles and the oral polio
vaccine*?. Therefore, alum-adjuvanted vaccines in this context may exert a “damage

III

control” effect through the resolution of inflammation to prevent unnecessary tissue injury,
which supports its widely established safety profile.

In order to characterise the transcriptional profile of alum-trained BMDMs the NanoString
nCounter Analysis system was used to examine differential expression of a group of 249
inflammation-associated genes. Alum-trained macrophages display a global
downregulation of pro-inflammatory genes compared to un-trained cells. Most of the
literature on alum has presented this adjuvant as an inducer of inflammation through
necrosis, DAMP release!®, IL1-B induction'®® and activation of DCs to polarise Th2
responses, supporting protective humoral immunity?®2. A small cluster of upregulated
genes was observed following training, offering some interesting insights into the
underlying mechanisms behind the establishment of this unexpected phenotype in alum
stimulated macrophages. These upregulated genes were further explored using nSolver’s
Advanced Analysis software to generate potential pathways of interest.

From this analysis several pathways were highlighted including a potential role for
chemokine expression during alum training in macrophages. Known for their effects on
cellular migration, the chemokines comprise a large family of secreted proteins that signal
through G protein-coupled heptahelical receptors and can be protective or damaging
depending on the context of their activation®38. A few hours after administration of alum
several cells are recruited to the site of injection including neutrophils, eosinophils,
monocytes, DCs, NK and NKT cells. This recruitment coincides with the production of
several cytokines and chemokines including CCL2, CCL11, CXCL3 and CXCL2'®3, Crucially,
chemokines are key regulators of wound healing and resolution of inflammation through
tailored promotion and inhibition of angiogenesis. Furthermore these proteins recruit cells
that are vital sources of growth factors and anti-inflammatory cytokines during the

resolution phase of infection!38. The process of wound healing is complex and multifaceted
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with four interconnected phases: haemostasis, inflammation, proliferation and
remodelling. The macrophage is a key cell within this multistep process. During monocyte-
to-macrophage differentiation it is necessary for these cells to generate an increased

resistance to apoptotic mediators!®

. Several genes involved in anti-apoptotic and
proliferation pathways were upregulated in alum-trained BMDMs from the NanoString
data supporting our previous observations that suggest alum induces a pro-survival signal
and enhances proliferative capacity. Both Bc/2/11 and Csfl are important genes in
macrophage apoptosis and pro-survival pathways'®>. Bcl2L1 or Bcl-xL, a member of the
BCL-2 family of proteins, is involved in the apoptotic pathway by inhibiting the action of
pro-apoptotic BCL-2 family members such as BH3-only activators by binding and
sequestering them, thereby preventing their interaction with pore-forming effectors®..
Macrophage colony-stimulating factor 1 (CSF-1) is a key growth factor involved in
regulating the migration, proliferation and survival of macrophages. CSF-1 is involved in
several pathways such as PI3K'®®, JAK-STAT®” and the Ras signalling pathways*8,

Another gene expression signature from analysis of the transcriptional profile of alum-
trained cells was the upregulation of genes involved in the antioxidant response to reactive
oxygen species which includes the nuclear factor erythroid 2 (NFE2)-related factor 2 (Nfe2/2)
or Nrf2 and the small Maf proteins, MafK and MafF*®°. One of the major features of Nrf2 is
its role in the antioxidant response to reactive oxygen species and subsequent
downregulation of pro-inflammatory cytokines. Under normal conditions Nrf2 is
constitutively degraded through binding to Keap1 (Kelch-like ECH-associated protein 1), an
adaptor protein of E3 ubiquitin ligase. However during oxidative stress the degradation of
Nrf2 is prevented causing it to accumulate and subsequently translocate to the nucleus.
Within the nucleus Nrf2 forms heterodimers with one of the small Maf proteins and finally
binds to regulatory regions of ARE-target genes involved in the anti-oxidant response
eliciting an anti-inflammatory expression profile that is vital for the initiation of healing?’°.
Preliminary data also suggests that mitochondrial ROS production is induced in BMDMs
stimulated with alum for one hour at the same concentration required to train these cells.
Finally, IL-1Ra was strongly upregulated in alum-trained BMDMs, further supporting
previous data showing a robust enhancement of the IL-1Ra protein in response to BCG
infection. This upregulation coincided with a downregulation of /I-1a, /I-b and /I-18.

Although IL-1Ra exerts its effects through competitive inhibition of IL-1R signalling it is
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interesting that the expression of these pro-inflammatory members of the IL-1 family was
decreased in alum-trained BMDMs 7 days after initial exposure to this adjuvant.

These results suggest that alum training may favour a pro-resolution phenotype by
generating more anti-inflammatory myeloid cells possessing enhanced survival and
proliferative capacity. The extensive downregulation of pro-inflammatory genes observed

by NanoString analysis seven days following innate training further supports this theory.
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Chapter 4 Alum induces metabolic re-wiring and anti-inflammatory
cytokine secretion through mTOR

4.1 Introduction

In Chapter 3 we showed the anti-inflammatory expression profile of alum-trained
macrophages in addition to an enhanced proliferation and survival capacity. During the
infection model of BCG, alum-trained macrophages secreted enhanced levels of IL-10 and
IL-1Ra compared to un-trained cells.

Enhanced proliferation through cell cycle progression critically depends on the availability
of nutrients and metabolites, while cell cycle machinery is indispensable for the regulation
of metabolic networks to allow this survival and proliferation. An important pathway
involved in this regulation between cellular metabolism and cell cycle machinery is the
PI3K/Akt/mTOR pathway. The PI3K/Akt/mTOR pathway is a signal transduction pathway
that regulates cell growth and survival in response to nutrient and growth factor availability.
Several studies have also recently demonstrated the importance of metabolism for the
polarisation of macrophages and macrophage functional responses. The mTOR pathway
has also been shown to be involved in innate immune training as inhibition of mMTOR
blocked B-glucan-mediated training of human monocytes. Accordingly, the next step in this
project was to investigate the metabolic profile of BMDMs stimulated with alum, in
particular how the involvement of PI3K and mTOR might influence this metabolism and the

anti-inflammatory response induced by alum.
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4.2 Hypothesis

As alum was found to enhance secretion of anti-inflammatory cytokines such as IL-10 and
IL-1Ra it was important to identify the upstream mechanism of this response. Several
studies have identified an important link between the polarisation of macrophages and the
underlying metabolic rewiring that facilitates these responses. The ability of alum to
enhance an anti-inflammatory macrophage with enhanced proliferative/survival capacity
prompted the hypothesis that alum may train macrophages through alterations to the
metabolic machinery that support sustained energy demands required for these processes.
Furthermore, the involvement of metabolic regulators such as mTOR was also proposed as
a key signalling pathway involved in alum’s ability to modulate macrophage responses that

might enhance proliferation and anti-inflammatory responses.
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4.3 Aims

This results chapter aims to identify the following:

e To investigate the anti-inflammatory profile of BMDMs stimulated by alum, in
particular the kinetics of IL-1Ra secretion during the training model

e To evaluate if macrophages trained by alum for 24hrs adopt and maintain a distinct
metabolic profile

e To assess the potential involvement of distinct metabolic pathways involved in
innate immune training including the role of the regulatory protein mTOR

e To quantify gene expression associated with the metabolic response in BMDMs

stimulated by alum
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4.4 Results

4.4.1 Alum induces potent and sustained IL-1Ra secretion by macrophages

Results presented in Chapter 3 demonstrated that IL-1Ra gene expression and protein
secretion was enhanced in alum-trained BMDMs, both basally and in response to infection
with BCG. Here, this was investigated in greater detail to address kinetics and the
underlying mechanism. Fully differentiated BMDMSs were stimulated with cDMEM or alum
(10 pg/mL) and IL-1Ra secretion was assessed 24 h later by ELISA. Alum was found to
significantly enhance IL-1Ra secretion when compared with un-stimulated cells Figure
4.1(A). BMDMs were also trained, as previously described, with cDMEM or alum (10 pug/mL)
for 24 h, followed by a rest period of 6 days. On day 6, the trained macrophages were re-
stimulated for 24 h with cDMEM or LPS (10 ng/mL). Interestingly, increased secretion of IL-
1Ra was retained 7 days later when alum-trained cells were incubated in ¢cDMEM.
Furthermore, re-stimulation with LPS on day 6 further enhanced alum-induced IL-1Ra
secretion by trained macrophages Figure 4.1(B). This result supports the anti-inflammatory
profile of alum-stimulated BMDMSs observed in earlier experiments and demonstrates that
this phenotype is established during initial exposure to alum and retained until the end of
the training protocol. Furthermore, these BMDMs are primed for enhanced secretion of IL-

1Ra upon re-stimulation with LPS on day 6.
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Figure 4.1 Alum drives sustained secretion of IL-1Ra by macrophages. (A) BMDMs were
seeded at equal numbers and stimulated with alum (10 pg/mL) and supernatants were
collected after 24 h. (B) BMDMs were un-trained or trained with alum (10 pg/mL) for 24 h,
rested and re-stimulated 6 days later with cDMEM or LPS (10 ng/mL) and supernatants were
collected after 24 h. IL-1Ra secretion was measured by ELISA. Results are mean + SEM from 3
female mice. ****p<0.001 Un-stimulated vs Alum-stimulated cells after 24 h (A) by unpaired
t test. ¥***p<0.001 (B) by one-way ANOVA with Tukey post-test.
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4.4.2 Macrophages display enhanced metabolic activity 7 days after training with alum

IL-1Ra and IL-10 have recently been shown to be associated with the metabolic
reprogramming of macrophages!’!. Therefore, it was important to evaluate the metabolic
profile of alum-trained macrophages. BMDMs were trained with alum (10 pug/mL), B-glucan
(10 pug/mL) or un-trained for 24 h, rested for 6 days and re-plated in a Seahorse XF96 well
plate and allowed to recover overnight. The Seahorse extracellular flux assay measures the
oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR). For OCR
readings, trained BMDMs were treated sequentially with Oligomycin (1 mM), FCCP (1 mM)
and finally Antimycin A/Rotenone (500 nM). For ECAR readings, trained BMDMs were
treated sequentially with Oligomycin (1 mM) and 2-DG (25 mM). Representative traces for
both OCR and ECAR are shown in Figure 4.2(A)&(C). These two readouts allow real time
guantification of metabolic cellular functions, such as mitochondrial respiration and
glycolysis, respectively. Both basal OCR Figure 4.2(B) and ECAR Figure 4.2(D) readouts were
significantly enhanced in alum-trained BMDMs when compared with 3-glucan-trained or
un-trained cells. Using an energy plot of OCR vs ECAR readings, alum was found to train
macrophages to adopt a highly energetic state compared to a more oxidative profile in -
glucan-trained cells while un-trained cells displayed a quiescent metabolic profile Figure

4.2(E).
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Figure 4.2 Macrophages display enhanced metabolic activity 7 days after
training with alum. BMDMs were un-stimulated, stimulated for 24 h with (-
glucan (10 pg/mL) or alum (10 ug/mL), rested for 6 days and re-plated in a
Seahorse XF96 well plate at a seeding density of 150,000 cells/well and allowed
to recover overnight. A. Seahorse extracellular flux assay was carried out. For
OCR readings, trained macrophages were treated sequentially with Oligomycin
(1 uM), FCCP (1 uM) and finally Antimycin A/Rotenone (500 nM). Representative
traces are presented for OCR readings (A). Basal OCR for pooled data is shown
in (B). For ECAR readings, trained macrophages were treated sequentially with
Oligomycin (1 uM) and 2-DG (25 mM). Representative traces for ECAR (C). Basal
ECAR for pooled data is shown in (D). The rates of ECAR were compared with the
rates of OCR for un-trained, B-glucan-trained and alum-trained and plotted on
an energy map (E). Results are mean = SEM for three mice from three individual
experiments. **p<0.01 ****p<0.001 un-trained vs alum or B-glucan-trained
cells by one-way ANOVA with Dunnett post-test.
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4.4.3 IL-1Ra secretion by alum-stimulated BMDMs is reduced by inhibition of the

PI3K/mTOR pathway

Metabolic analysis of innate immune training has revealed a cellular reprogramming from
oxidative phosphorylation towards enhanced glycolysis mediated by mTORC1.
Furthermore, in myeloid cells the PI3K/mTOR pathway has been strongly implicated in the
upregulation of anti-inflammatory cytokines such as IL-10 and inhibition of pro-
inflammatory cytokines'??. It was therefore important to investigate the role of PI3K and
MTOR in the increased secretion of IL-1Ra observed in response to alum. The LDH
cytotoxicity assay was used to preclude alterations in cytokine profiles due to cell death
when BMDMs were pre-treated with inhibitors. The class | PI3K inhibitor, ZSTK474, was
used as it has been shown to block tumour cell proliferation through G1 arrest of the cell
cycle without inducing apoptosis in vitro. BMDMs were pre-treated with a range of ZSTK474
concentrations (0.1-20 uM) or cDMEM for 1 h prior to stimulation with alum (10 pug/mL) or
cDMEM for 24 h. Supernatants were collected and LDH was measured and compared to
the positive control (SDS lysis buffer). The lowest concentration of ZSTK474 (0.1 uM)
caused no detectable cell death in BMDMs stimulated with cDMEM Figure 4.3(A).
Furthermore, the addition of alum did not enhance LDH release from BMDMs pre-treated
with 0.1 uM of ZSTK474. However, higher concentrations of the inhibitor (0.5, 5 and 20 uM)
alone induced approximately 20% LDH release compared to SDS-lysed cells and this was
unchanged when cells were stimulated with alum Figure 4.3(A).

Rapamycin, a macrocyclic triene antibiotic, is an inhibitor of mTOR with
immunosuppressive and anti-proliferative properties in mammalian cells.

BMDMs were pre-treated with a range of concentrations of rapamycin (1-50 nM) and
stimulated with alum or cDMEM as previously described for ZSTK474. All concentrations
tested induced minimal cell death (<10%) in cells that were incubated in cDMEM Figure
4.3(B). Furthermore, when BMDMs were stimulated with alum for 24 h, the lower
concentrations of rapamycin (1, 10 nM) induced <20% cell death, however, the highest
concentration (50 nM) induced approximately 25% cell death when compared with the
positive control.

ELISA was carried out on supernatants to test the effects of ZSTK474 and Rapamycin on the

secretion of IL-1Ra after 24 h of stimulation with alum. In addition, rapamycin also
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significantly reduced alum-enhanced IL-1Ra secretion consistently across all
concentrations tested Figure 4.3(D). This finding suggests a novel role for the PI3K/mTOR

pathway in the enhancement of IL-1Ra secretion by alum-stimulated macrophages.
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Figure 4.3 IL-1Ra secretion by alum-stimulated BMDM:s is reduced by inhibition of the
PI3K/mTOR pathway. BMDMs were pre-incubated with a range of concentrations of
the PI3K Class I inhibitor, ZSTK474 (0.1-5 uM) or the mTOR inhibitor, rapamycin (1-50
nM) for 1 h prior to stimulation with alum (10 pg/mL) for 24 h. Supernatants were
collected and LDH (to assess cytotoxicity) was measured for ZSTK474 +/- alum (A) and
Rapamycin +/- alum. (B). Results show %LDH released compared to SDS-lysed cells.
Supernatants were also recovered after 24 h and IL-1Ra secretion was measured by
ELISA for ZSTK474 +/- alum (C) and Rapamycin +/- alum (D). Results are mean + SD for
technical triplicates and representative of 3 experiments. ****p<0.001 vs Alum-
stimulated cells by one-way ANOVA plus Dunnett post-test.
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4.4.4 Rapamycin reduces alum-induced IL-1Ra secretion by BMDM s after 24 h and 7 days

The metabolic basis of innate immune training with B-glucan has previously been shown to
be mTOR-dependent induction of glycolysis. It was therefore necessary to investigate the
potential role of this pathway in the long-term effects observed in alum-stimulated BMDM:s.
As all concentrations of rapamycin tested significantly reduced the secretion of IL-1Ra, 24
h after stimulation with alum, the lowest concentration of 1 nM was selected as it had a
limited effect on cell death. BMDMs were pre-incubated with rapamycin (1 nM) or cDOMEM
for 1 h prior to stimulation with alum (10 ug/mL) or cDMEM for 24 h. Supernatants were
taken after 24 h and cells were given fresh media. Supernatants were also taken after 7
days and ELISA for IL-1Ra was carried out on samples collected at both time points. As seen
before, alum-induced IL-1Ra secretion was significantly reduced when mTOR was inhibited
prior to stimulation Figure 4.4(A). Furthermore, after 7 days in culture, alum-trained
BMDMs that were pre-incubated with rapamycin secreted significantly less IL-1Ra Figure
4.4(B). These results indicate that the mTOR pathway is important for the sustained effects

of alum on IL-1Ra secretion by macrophages.
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Figure 4.4 The inhibitory effect of rapamycin on alum-induced IL-1Ra
secretion by BMDMs is sustained for up to 7 days. BMDMs were pre-
incubated with rapamycin (1 nM) for 1 h prior to stimulation with alum
(10 pg/mL) for 24 h and supernatants were collected. Fresh medium was
added and cells were then rested for 7 days and supernatants were
collected again on day 7. IL-1Ra was measured by ELISA after the initial
24 h stimulation (A) and after 7 days (B). Results are mean + SEM from 3
female mice. ****p<0.001 **p<0.01 by one-way ANOVA plus Tukey post-
test.

100



4.4.5 Sustained secretion of IL-1Ra over time in response to alum is reduced by

rapamycin

Enhanced production of IL-1Ra was consistently observed in BMDMs as early as 24 h and
as late as 7 days following initial stimulation with alum. As cells receive fresh media during
the training protocol and prior to re-stimulation on day 6 it is difficult to quantify the
cumulative secretion of IL-1Ra during training before and after re-stimulation. Accordingly,
a time course was carried out on IL-1Ra accumulation in supernatants over 14 days from
initial stimulation with alum. BMDMs were pre-incubated for 1 h with rapamycin (10 nM)
or cDMEM followed by incubation of cells with alum or cDMEM for 24 h, after which the
cells were given fresh medium. On day 6, trained macrophages were re-stimulated with
LPS (10 ng/mL) or cDMEM, as before. Supernatants were collected on days 1, 2, 3, 4, 5, 7,
10 and 14 of training. IL-1Ra accumulation in supernatants was assessed by ELISA and a
time course of its secretion is presented in Figure 4.5(A). In un-trained controls, IL-1Ra
production was undetectable until cells were re-stimulated with LPS on day 7. However,
concentrations of IL-1Ra increased progressively in supernatants of BMDMs that were
trained with alum over the 14-day period, which was dramatically amplified when cells
were re-stimulated with LPS on day 7. Rapamycin pre-treatment reduced IL-1Ra secretion
throughout the 14-day period, with a statistically significant difference observed on day 10
and 14. Furthermore, rapamycin significantly reduced alum-induced secretion of IL-1Ra on
day 10 and 14 when cells were re-stimulated on day 7 with LPS. These results suggest that
IL-1Ra is cumulatively secreted throughout the training protocol when BMDMs are
stimulated with alum on day 0. This effect was strongly enhanced by re-stimulation with

LPS on day 7 and significantly inhibited by pre-treatment of cells with rapamycin on day 0.
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Figure 4.5. Alum induced sustained and primed secretion of IL-1Ra is
reduced by rapamycin. BMDMs were pre-incubated with rapamycin (10
nM) for 1 h prior to stimulation with alum (10 pg/mL) for 24 h, rested
for 7 days and re-stimulated for 24 h with cDMEM or LPS (10 ng/mL).
Supernatants were collected on days 1, 2, 3, 4, 5, 7, 10 and 14 and IL-
1Ra secretion over 14 days was measured by ELISA. Results are mean +
SEM from 3 female mice. *p<0.05 **p<0.01, ***p<0.005, ****p<0.001
un-trained vs Alum-trained. *p<0.05, **p<0.01***, p<0.005,
***%p<0.001 Alum-trained vs Rapamycin + Alum-trained by two-way
ANOVA with Tukey post-test. Experiment was performed once in 3 mice.
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4.4.6 Secretion of IL-1Ra by human monocytes is enhanced by training with alum and this

effect is reversed by rapamycin

It was demonstrated in Chapter 3 that human monocytes trained with alum exhibited
enhanced IL-10 production. However, due to issues with variability in donor responses to
alum the training protocol was translated into murine BMDMs. Having shown the
involvement of another anti-inflammatory cytokine (IL-1Ra) in response to alum-training,
it was important to investigate if this response was similar in human monocytes. Human
monocytes were isolated from one healthy blood donor by MACS through CD14 negative
selection. Adherent monocytes were pre-incubated with rapamycin (1 nM) or cRPMI for 1
h prior to stimulation with alum (100 ng/mL) or cRPMI for 24 h. Trained monocytes were
rested for 5 days and re-stimulated on day 6 with cRPMI, Heat-killed Mtb (25 pg/mL) or LPS
(100 ng/mL) for 24 h. ELISA carried out on supernatants revealed enhanced IL-1Ra in alum-
trained human monocytes, which was significantly reduced by pre-incubation with
rapamycin Figure 4.6(A). Furthermore, alum-trained monocytes secreted significantly
higher concentrations of IL-1Ra in response to re-stimulation with Heat-killed Mtb and LPS
and this effect was reversed by pre-incubation with rapamycin Figure 4.6(B) and (C). These
finding support the previous results (Figures 3.2 and 3.4) in human monocytes and BMDMs
and demonstrate that alum alters the inflammatory profile of innate immune cells by
enhancing secretion of the IL-1 receptor antagonist both basally and following secondary
challenge with unrelated stimuli. Furthermore, this innate immune training effect induced

by alum appears to be mTOR dependant.
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Figure 4.6 IL-1Ra is enhanced in alum-trained human monocytes in response to
Mtb or LPS and is reversed by rapamycin. Human monocytes were isolated from
one healthy blood donor by MACS using negative selection for CD14+ cells. Sorted
monocytes were pre-incubated for 1 h with cRPMI or rapamycin (1 nM),
stimulated for 24 h with cRPMI or alum (100 ng/mL) before being rested for 5
days and re-stimulated with cRPMI, irradiated Mtb (25 mg/mL) or LPS (100
ng/mL). Supernatants were collected after 24 h and ELISA was performed. IL-1Ra
was measured for trained BMDMs re-stimulated on day 5 with cRPMI (A),
irradiated Mtb (25 mg/mL) (B) or LPS (100 ng/mL) (C) . Results are mean + SD of
one blood donor. *p<0.05 **p<0.01 ****p<0.001 vs Alum-trained monocytes by
one-way ANOVA plus Dunnett post-test. Experiment was performed once in
triplicate.
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4.4.7 The enhanced metabolic activity of alum-stimulated BMDMs is inhibited by

rapamycin

We previously observed that alum-trained BMDMs displayed a highly energetic phenotype
using OCR and ECAR readings from the Seahorse extracellular flux assay. Enhancement of
IL-1Ra secretion by alum is observed as early as 24 h after stimulation and is partially
dependent on PI3K/mTOR at this stage. Following on from these results, the next step was
to assess the metabolic profile of these cells after initial stimulation with alum and
investigate the potential role of mTOR. BMDMs were seeded in Seahorse XF96 well plates
and pre-incubated for 1 h with cDMEM or rapamycin (1 nM) and then stimulated with
cDMEM or alum (10 pg/mL) for 24 h. The Seahorse extracellular flux assay was carried out.
For OCR readings, cells were treated sequentially with Oligomycin (1 uM), FCCP (1 uM) and
finally Antimycin A/Rotenone (500nM). Representative traces can be found in Figure 4.7(A).
Basal OCR was calculated and alum-stimulated BMDMs displayed significantly enhanced
basal OCR when compared with un-stimulated controls. When alum-stimulated cells were
pre-treated with rapamycin the basal OCR was comparable to un-stimulated macrophages
Figure 4.7(B). Maximal respiration or maximal oxygen consumption rate revealed a similar
result with alum-stimulated cells displaying significantly enhanced respiration when
compared with media stimulated cells and this was reversed by the addition of rapamycin
Figure 4.7(C). For ECAR readings, macrophages were treated sequentially with Oligomycin
(1 uM) and 2-DG (25 mM). A representative ECAR trace is shown in Figure 4.8(A). Basal
ECAR was calculated and alum-stimulated BMDMSs showed significantly enhanced basal
ECAR when compared with un-stimulated cells. While rapamycin significantly inhibited
basal ECAR in alum-stimulated cells, it was still slightly higher than un-stimulated cells
Figure 4.8(B). Maximal glycolysis (or glycolytic capacity) was calculated and alum-
stimulated BMDMs had higher glycolytic capacity than media stimulated cells. However,
when alum-stimulated BMDMs were pre-incubated with rapamycin glycolytic capacity was
significantly inhibited to levels lower than media stimulated cells Figure 4.8(C). The energy
plotin Figure 4.8 (D) displays energetic metabolic profile of alum-stimulated macrophages,
which was previously seen for alum-trained macrophages. This energetic phenotype
reverts to a similar profile as the un-stimulated cells (quiescent) upon pre-treatment with

rapamycin. These findings demonstrate the highly energetic profile of macrophages during
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initial stimulation by alum and suggest an important role for mTOR activation in the

establishment of this enhanced metabolic capacity.
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Figure 4.7 Enhanced OXPHOS in alum-stimulated BMDM:s is inhibited by rapamycin.
BMDMs were pre-incubated for one hour with cDMEM or rapamycin (1 nM) and

stimulated for 24 h with cDMEM or alum (10 pg/mL) in Seahorse XF96 well plates at
a seeding density of 150,000 cells/well. Seahorse extracellular flux assay was carried
out. For OCR readings, BMDMs were treated sequentially with Oligomycin (1 uM),
uM) and finally Antimycin A/Rotenone (500 nM). Representative OCR trace
(A), basal OCR with pooled data (B) and representative respiratory reserve (or
| respiration) (C) Pooled data are mean + SEM of 5 mice from 3 independent
experiments. *p<0.05 alum- vs alum + rapamycin-stimulated cells by one-way

FCCP (1
maxima

ANOVA

with Dunnett post-test.
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Figure 4.8 Alum increases the glycolytic capacity of BMDMs and this is inhibited by
rapamycin. BMDMs were pre-incubated for one hour with cDMEM or rapamycin (1 nM)
and stimulated for 24 h with cDMEM or alum (10 pg/mL) in Seahorse XF96 well plates
at a seeding density of 150,000 cells/well. Seahorse extracellular flux assay was carried
out. For ECAR readings, macrophages were treated sequentially with Oligomycin (1 mM)
and 2-DG (25 mM). Representative ECAR trace (A), basal ECAR with pooled data (B) and
representative maximal glycolysis (C) Pooled data are mean + SEM of 5 mice from 3
independent experiments, The rates of ECAR were compared with the rates of OCR for
un-stimulated, alum-stimulated and rapamycin + alum stimulated and plotted on an
energy map (D). *p<0.05 alum- vs alum + rapamycin-stimulated cells by one-way ANOVA
with Dunnett post-test. Maximal glycolysis results are mean = SD and are representative
of 3 independent experiments, ****p<0.001 by one-way ANOVA with Dunnett post-test.
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4.4.8 Alum-dependent survival of BMDMs is markedly reduced by rapamycin

Results from Chapter 3 have shown changes in the abundance and morphology of
macrophages trained with alum. Consequently, BMDMs were routinely visualised by phase
contrast microscopy during the training protocol when rapamycin (1 nM) was given to cells
prior to stimulation with ¢cDMEM or alum (10 pg/mL). As shown previously, alum
stimulation caused changes in the abundance and morphology of BMDMs when compared
with media-stimulated cells on day 2 of the training protocol and this was unchanged by
the addition of rapamycin Figure 4.9(A). However, when cells treated with alum were pre-
incubated with rapamycin there was a considerable difference in the number and
morphology of cells present. Cells pre-treated with rapamycin were less abundant and
slightly smaller than alum-stimulated cells that were pre-treated with medium Figure 4.9(B).
This observation suggests that mTOR activation is involved in imparting the characteristic

morphology and enhanced survival capacity of alum-trained macrophages.
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Figure 4.9 The survival of alum-trained BMDMs is markedly
reduced by rapamycin. BMDMs were pre-incubated with
cDMEM or rapamycin (1 nM) for 1 h prior to stimulation with
cDMEM or alum (10 ug/mL) for 24 h before cells were rested
for 5 days. Phase contrast images were captured on day 2 (A)
and day 5 (B) after initial stimulation. Representative images
shown from 3 independent experiments with 2
mice/experiment.
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4.4.9 Alum rapidly induces mTORC1 activation in BMDMs

As the effects of alum on BMDMis is inhibited by rapamycin it is reasonable to assume a
strong role for mTORC1 activation by this adjuvant. However, mTORC1 activation requires
protein expression analysis to validate a role for this protein complex. mTORC1 activity can
be assessed by analysing phosphorylation of the mTORC1 substrate S6 kinase (p70S6K) and
the phosphorylation of its downstream substrate S6 ribosomal protein (pS6).
Consequently, a time-course experiment was performed whereby BMDMs were stimulated
with alum for 15-, 30-, 60- and 180-minute intervals and lysed for protein extraction.
BMDMs stimulated with alum were compared to un-stimulated cells and the mTOR positive
control PMA/lonomycin.

Western blot analysis of macrophages stimulated with alum show significantly enhanced
pS6 compared to untreated cells only 15 minutes after stimulation with alum, the
expression of which is retained at 30 minutes and begins to decrease after 60 mins. p70S6K
displays slightly enhanced expression at 15 mins, however the protein expression signal

was less pronounced for this western blot.
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Figure 4.10 Alum upregulates expression of mTOR targets p70S6K and
pS6 BMDMs were untreated (UT), stimulated with alum (10 pg/mL) for
15, 30, 60, 180 minutes, or stimulated with PMA(50 ng/mL) + lonomycin
(1 ug/mL) for 60 minutes and subsequently lysed to evaluate protein
expression. mTORC1 targets p70S6K and pS6 were assessed by western
blot analysis. TS6K and -actin were used as loading controls. Results are
from one mouse and are representative of 2 independent experiments.
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4.4.9 Alum upregulates expression of Myc and Bc/2 in an mTOR dependent manner

mTOR is known to target several downstream genes involved in cell growth and
proliferation via the regulation of protein synthesis. The data point to mTOR activation by
alum and a role for this pathway in imparting the characteristic metabolic and
inflammatory profile of alum-stimulated cells. The next step was to assess if alum could
also upregulate expression of genes that are associated with mTOR activation. BMDMs
were pre-incubated with cDMEM or rapamycin (1 nM) for 1 h and then stimulated with
cDMEM or alum (10 pg/mL). After 30 mins of stimulation, cells were lysed and RNA was
isolated. Following normalisation of gene expression against the internal reference gene [3-
actin, real-time PCR revealed that there is a trend towards alum enhancing fold increase
expression of Myc Figure 4.11(A) and Bc/2 Figure 4.11(B). These effects were reduced by
pre-treatment with rapamycin. The increased expression of genes associated with the

mMTOR pathway further supports the role of mTOR activation by alum in BMDMs.
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Figure 4.11 Alum upregulates expression of mTOR gene targets Myc and Bcl2 BMDMs
were pre-incubated with cDMEM or rapamycin (1 nM) for 1 h prior to stimulation with
alum (10 pg/mL). Cells were lysed 30 mins later for RNA. Expression of (A) Myc and (B)
Bcl2 was evaluated by qRT-PCR relative to cells cultured in medium, following
normalisation to the endogenous control Actb. Results are mean+/-error of 2 female

mice.
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4.5 Discussion

The NanoString panel revealed an anti-inflammatory gene expression profile in alum-
trained macrophages which included significant upregulation of the IL-1 receptor
antagonist, il-1rn. The IL-1Ra protein was also strongly enhanced by alum priming following
BCG infection. Alum has not been previously shown to induce production of IL-1Ra by
macrophages so it was important to pursue this observation in detail. In fact, incubation of
macrophages with alum alone did not induce detectable secretion of any other cytokine
tested. This correlates with previous studies on enhanced secretion of IL-1a 172, IL-1B173
and IL-10* by alum where co-stimulation with LPS is required. Enhanced secretion of IL-
1Ra was detectable after 24 h of exposure to alum and at the end of the training protocol
and was further elevated in response to re-stimulation with LPS on day 6. As we have
previously demonstrated enhanced secretion of another potent anti-inflammatory
cytokine, IL-10, this result supports the hypothesis that alum induces a pro-resolution
response in macrophages. Enhanced secretion of IL-10 and IL-1Ra has been shown to be
associated with an M2 or M2-like macrophage repertoire which is frequently found during
containment of parasitic infections and importantly promotes tissue remodelling’4.
Resolution of inflammation is a highly energetic process which requires efficient metabolic
rewiring to fuel phagocytosis, proliferation and survival'33. Accordingly, the metabolic
phenotype of alum-trained BMDMs was assessed by the SeaHorse extracellular flux assay
which measures oxygen consumption rate (OCR) and extracellular acidification rate (ECAR).
We find alum trained BMDMs to be highly energetic through enhanced oxygen
consumption and glycolytic capacity compared to the well-characterised innate immune
training stimulus, B-glucan, which displayed a more oxidative phenotype. An important
consideration in the metabolic training effects of B-glucan is the particular source of this
polysaccharide which can be isolated from the cell walls of several organisms including
bacteria, fungi, yeast and some cereals. The different metabolic response of B-glucan
trained BMDMs in our model compared to other studies may be due to the variation in the
sourcing of glucans. M1-polarized macrophages require an increase in their glycolytic
capacity in order to activate microbicidal responses and rapidly release pro-inflammatory
cytokines. On the other hand, M2 cells possess an intact TCA cycle to provide necessary

substrates for the ETC complexes®®. This dependency on oxidative phosphorylation in M2-
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like macrophages facilitates the sustained energy demands during tissue remodelling and
repair through enhanced proliferation and survival'’>. Although ATP production is reduced,
glycolysis is also advantageous during proliferation due to the generation of metabolic

precursors required for biosynthetic pathways!’®

. The immunometabolic profile of
macrophages trained by alum which encompasses enhanced respiratory and glycolytic
capacity may support survival and proliferation induced by alum (Figure 4.2) compared to
un-trained or 3-glucan-trained cells in addition to the amplified anti-inflammatory cytokine
profile observed.

Overall, the extracellular flux assay suggests a metabolically anergic profile in un-trained
cells which may be due to decreased viability after the significant period in culture without
a stimulatory signal. In contrast the trained macrophage data demonstrate the high
metabolic demands required by these cells, particularly innate training by alum.

The extracellular flux assays performed on trained BMDMs suggest that the addition of
FCCP did not increase the OCR value above basal rates of respiration. There are some
limitations when using this inhibitor as high FCCP concentrations (in comparison to the
number of viable cells in a well) can suppress respiration due to toxicity!’’. Therefore a
titration for this inhibitor should be carried out for additional innate training experiments
in which cell viability may be reduced due to long term in vitro culture, particularly for un-
trained control cells.

Metabolic reprogramming of macrophages through inhibition of succinate oxidation by
dimethyl malonate has recently been shown to promote anti-inflammatory responses by
upregulating IL-1Ra and IL-10%%. The PI3K pathway has been implicated in the production
of IL-1Ra by macrophages in response to LPS, as inhibition of PI3K activity decreases the
production of this anti-inflammatory cytokine and enhances the production of IL-1p*78.
Furthermore, inhibition of mTOR, which lies downstream of PI3K, results in enhanced pro-
inflammatory cytokine production via NFkB in PTEN-deficient cancer cells through
dissociation of Raptor from mTOR’°. Interestingly, TLR-activated DCs have increased IL-12
and reduced IL-10/type | interferon expression when mTOR is blocked by rapamycin
resulting in their enhanced T cell stimulatory capacity*?2. This may shed some light on the
downstream effects of alum during vaccination as our lab have previously shown that
induction of IL-10 by alum suppresses Thl responses and may explain the inability of alum

to induce protective Thl immunity#!,
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In order to investigate the potential role of the PI3K/mTOR pathway in alum-induced IL-
1Ra secretion, BMDMs were pre-incubated with the class | PI3K inhibitor, ZSTK474,
significantly reducing the secretion of IL-1Ra by BMDMs stimulated with alum,
demonstrating an important role for this pathway. An important consideration for this
result is alternate activation of mTOR in addition to the PI13K/Akt pathway. Phosphorylation
of S6K can occur independently of Akt activity and has been shown in cells from both
mammals and Drosophila'®. Interestingly, amino acids alone can activate mTORC1 in the
absence of growth factors and occurs independent of TSC-RHEB'8L, Amino acids such as
Leucine, Glycine and Arginine are sufficient to activate mTOR when growth factors are
unavailable, but growth factors alone cannot activate this pathway when amino acids are
limiting!%. Furthermore, mTORC1 is inhibited through AMP-activated protein kinase
activation of TSC during nutrient deficiency*®2.

The mTOR targeting antibiotic, rapamycin, was also found to significantly reduce the
secretion of IL-1Ra by BMDMs stimulated with alum. In the model of training, rapamycin
also reduced the secretion of IL-1Ra in BMDMs 7 days after stimulation with alum.

Finally, the time course of IL-1Ra secretion by alum-trained cells revealed progressive
accumulation of this cytokine in supernatants over the course of 14 days after initial
exposure to alum. The secretion of IL-1Ra was significantly amplified by re-stimulation of
trained cells with LPS on day 6. Pre-treatment of macrophages with rapamycin reduced this
effect over the 14-day period even when alum-trained cells were subsequently re-
stimulated with LPS.

It was shown in Chapter 3 that training of human monocytes with alum primed the cells for
enhanced secretion of IL-10 upon subsequent re-stimulation. Enhanced secretion of IL-1Ra
in the murine model of training prompted us to revisit the human model of training and
investigate the role of the mTOR pathway in monocytes. Secretion of IL-1Ra was
significantly enhanced in alum-trained monocytes which was further amplified when
trained monocytes were re-stimulated with Heat-killed Mtb or LPS. Secretion of IL-1Ra was
reduced by inhibition of mTOR in alum-trained monocytes. Pre-treatment of cells with
rapamycin blocked the alum induced enhancement in IL-1Ra secretion that was seen when
cells when re-stimulated with Heat-killed Mtb or LPS. This result requires further
investigation as it is representative of one blood donor and as highlighted in the previous

chapter, human monocytes display highly variable responses to alum. However, this
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supports the murine data and is an interesting observation in the context of vaccination as
MTOR-dependent IL-1Ra secretion by alum may limit excessive tissue damage at the site of
injection through competitive inhibition of IL-1 signalling®>°.

Macrophages can adopt different functional states depending on the context in which they
are activated. The mTOR pathway was shown to be involved in the anti-inflammatory
profile of cells stimulated with alum after 24 h and retained by trained macrophages up to
14 days after initial stimulation. Several studies have demonstrated the involvement of
metabolic shifts in the regulation of the effector functions of innate immune cells in specific
contexts?2, mTOR is a major regulator of macrophage metabolism and activation and
consequently the role of this pathway in the metabolic effects of alum-stimulated BMDMs
was assessed by Seahorse. Alum significantly enhanced the oxidative and glycolytic
capacity of BMDMs after just 24 h compared to un-stimulated cells. Pharmacological
inhibition of mTOR by rapamycin reversed this effect, restoring the metabolic profile of
alum-stimulated cells to that of un-stimulated cells. Furthermore, phase contrast images
on day 5 after stimulation showed increased cell numbers indicative of enhanced cell
proliferation and/or survival in alum-trained cells compared to un-stimulated cells. This
was partially lost when mTOR was inhibited by rapamycin before training with alum. As
previously mentioned mTOR activation is an anabolic pathway resulting in enhanced
biogenesis of macromolecules including nucleotides, proteins and lipids to aid cell growth
and proliferation®3®, Interestingly, Thompson et al found that rapamycin diminished the
Akt-mediated increase in cell size , mitochondrial membrane potential and cell survival in
a murine prolymphocytic cell line, FL5.12, stimulated with doxycycline®3,

Located upstream of mTOR, Akt is involved in growth factor signal transduction cascades
that regulate cell growth and survival’®. Increased surface expression of nutrient
transporters through Akt allows increases in cell size and survival'®3,

In Chapter 3 we showed an increase in the size of alum-trained macrophages as well as
enhanced survival and abundance compared to un-trained cells. We have also shown that
this is partially dependent on mTOR activation as inhibition of this regulatory protein
impacted on the alum-dependent metabolic rewiring of macrophages which may also
influence the size and survival capacity of these cells. Whether alum induces mTOR
dependent proliferation or enhanced cell survival requires further exploration. It is likely

that due to the activation of mTOR and downstream genes such as Bcl2 and Myc, a
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combination of enhanced proliferation and prosurvival is occurring in these cells under the
appropriate conditions for growth factor and nutrient availability.

Western blot analysis further supports a role for mTOR activation by alum. The mTORC1
target pS6 was upregulated as early as 15 minutes after exposure to alum. However, it is
important to note that S6 can be phosphorylated downstream of the MAPK/ERK pathway
through the alternative S6 kinase, p90-ribosomal S6 kinase (p90RSK)84 in addition to PI3K-
dependent and independent mTOR activation?®,

A consideration for future experiments is to include rapamycin as an additional control to
validate the role of mTOR activation in the phosphorylation of S6. Other phosphorylation
targets of mTOR should also be investigated such as 4-EBP1. Finally, phosphorylation of S6
can also be analysed by flow cytometry to further validate this finding.

Having shown the activation of mTOR through p-S6 expression, the downstream genes
involved in this metabolic pathway were analysed by real-time PCR. Alum upregulated the
expression of Bc/2 and Myc 1 h after stimulation. This effect was restored to the expression
levels of control cells when BMDMSs were pre-treated with rapamycin. In Chapter 3, data
presented on NanoString analysis revealed upregulation of Bc/2/1 (BCL2 Like 1) in alum-
trained cells. The Bcl-2 family includes pro- and anti-apoptotic members, the latter of which
includes Bcl-2 itself. Expression of these proteins is regulated by mTOR via the upstream
effectors PI3K and AKT!®. Importantly, the ratio of pro- to anti-apoptotic Bcl-2 family
members determines, to some extent, the survival outcome of the cell. AKT upregulates
the transcription of anti-apoptotic Bcl-2 and inactivates the pro-apoptotic member, Bad,
by mTOR-dependent phosphorylation to promote cell survival®’. The survival and
proliferation of the cell is highly dependent on the availability on nutrients, fatty acids and
other vital metabolites!®®, It is therefore logical that the nutrient-sensing PI3K/AKT/mTOR
pathway is involved in regulating the expression of Bc/2 and other survival/proliferation
genes. As previously mentioned, the anabolic processes of cell growth, proliferation and
survival are energetically demanding and require efficient metabolic flux to fuel the
necessary pathways required for macromolecule biosynthesis'®. Alum-stimulated
macrophages displayed enhanced oxygen consumption and glycolytic capacity. One of the
main functions of the mTOR pathway is to stimulate enhanced protein synthesis following
innate cell activation!?2, Central to this metabolic pathway is the induction of anabolic

134

responses through the transcription factor, c-Myc***. c-Myc induces the synthesis of nucleic
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acids, proteins and lipids via upregulation of both glycolytic gene expression and
mitochondrial respiration?8?,

In order to fully validate the mTOR-dependent gene expression of Myc following
stimulation with alum, western blot analysis of protein expression should be carried out. c-
Myc expression is generally controlled post-transcriptionally. For example, mRNA
expression of c-Myc in HSCs is comparable to committed progenitor cells and the transition
from HSC renewal towards differentiation is heavily reliant on this gene. However, while
MRNA expression is equivalent, the protein expression in reduced in HSCs and increases
gradually during progenitor cell differentiation!®. Bcl-2 is also regulated post-

191 and therefore should also be validated by western blot analysis.

transcriptionally
In Chapter 3, it was shown that alum-trained macrophages enhanced expression of several
genes involved in the anti-oxidant response pathway including Nfe2/2, Maff and Mafk.
Alum was also found to induce mitochondrial ROS production 1 h after stimulation
(supplementary figure 1). The Nrf2 master transcription factor recognises and binds
antioxidant response elements (AREs) on gene promoters in response to cellular stress
such as excessive ROS production!®?2. Moderate levels of ROS can be beneficial during
proliferation and as a means of cellular defence, however excessive levels can lead to
cellular damage and the induction of cell death®3, Interestingly, Nrf2 antioxidant signalling
was also found to attenuate NFkB-mediated inflammation in a colitis-induced colorectal
cancer model'4,

Cells have evolved several ways to limit excessive production of ROS, intracellular
metabolites and inflammatory mediators. These pathways are tightly regulated and can
allow cellular survival and proliferation during damage-associated inflammation by
enhancing tissue remodelling and limiting inflammation. A study by Piantadosi et al found
that during sepsis IL-10 and IL-1Ra were associated with preservation of mitochondrial
function and survival by enhancing mitochondrial biogenesis. Both cytokines were shown
to limit NFkB-dependent IL-1 production during disease via heme oxygenase-1 activation
of Nrf-2. In this study, increased nuclear accumulation of Nrf2 was also associated with Bcl2

expression®>,
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Chapter 5 General Discussion

In addition to clean water and general sanitation, the introduction of protective vaccines
against a multitude of infectious diseases is the most significant medical intervention in the
last century. It was recently estimated that since 1924, vaccines have prevented over 103
million cases of childhood diseases in the US alone with the WHO reporting that vaccination
prevents 2.5 million deaths each year!®®. The first vaccines introduced at a time when there
was only a rudimentary understanding of the immune system, paved the way for the
development of the class of vaccines used in immunisation schemes across the globe today
and for a new generation of rationally designed vaccines under development.

Many of these would not be as successful without the essential addition of adjuvants due
to the fact that most non-live vaccines possess relatively poor immunogenicity. Over the
past 90 years alum has been the most widely used vaccine adjuvant and largely provides
protection through the induction of antibody-mediated immunity*>2. The mechanism of
action of alum has not been fully resolved, in particular, its effects on innate cells.

The classical view of innate immunity until recently was that it lacks the ability to retain
immunological memory, unlike its adaptive counterpart. This dogma has recently been
challenged by several research groups that have postulated the existence of a type of
innate memory that results from innate training whereby mammals are protected from
secondary infections in a manner independent of T and B cells. This cross-protection is
believed to be orchestrated by innate cells such as monocytes and macrophages. Innate
memory to infection has been well documented in plants and is the subject of intensive
investigation in invertebrate models. Of note, neither plants nor invertebrates possess an
adaptive immune system, which is classically accepted as the sole means of conferring
protection against reinfection in vertebrates!®’. The research findings of this project
present some of the potential ways in which alum can induce trained immunity in human
monocytes and murine macrophages.

The observation that alum increases the induction of the immunomodulatory cytokine, IL-
10, when co-incubated with LPS has previously been shown in the Lavelle lab for both

human monocytes and murine macrophages'#!

. We have recapitulated this result in the in
vitro model of training for both cell types to show that alum can train innate cells to

produce more IL-10 upon re-stimulation with LPS one week later. Monocytes isolated from
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healthy blood donors display a highly variable response to alum training with 50% of donors
displaying increased IL-10. However as these monocytes were isolated from human blood
donors obtained through the Irish Blood Transfusion Services, we were unable to acquire
important stratifying information such as age, sex and vaccination history.

In addition to the enhanced secretion of IL-10 by murine BMDMs trained with alum, distinct
morphological changes in these cells were observed during phase contrast microscopy
imaging throughout the in vitro training period. Alum-trained BMDMs were found to be a
highly abundant population of rounded macrophages that are larger and more granular,
as confirmed by FACS analysis.

Data generated following the injection of alum supported the microscopy data showing
enhanced proliferation and/or survival of these trained macrophages when bone marrow
from mice injected intraperitoneally with alum 7 days earlier yielded more bone marrow
cells compared to PBS-injected mice. When these cells were re-plated on the last day of
differentiation, BMDMs isolated from mice injected with alum were 2-3 times more
abundant than those from mice immunised with PBS for both time points.

To characterise the functional effects of these findings, alum-trained BMDMs were infected
with live BCG to assess their bacterial killing ability through analysis of CFU counts and
cytokine secretion during the infection assay. Alum training did not affect bacterial uptake,
however CFU counts indicate that these macrophages may have a compromised killing
ability once the bacteria are internalised. The enhanced secretion of IL-10 in the initial
training experiments was reproduced in the BCG infection model as well as a second anti-
inflammatory cytokine, IL-1Ra. This natural inhibitor of IL-1 signalling was dramatically
upregulated in alum-trained macrophages in this model. This cytokine was also highly
upregulated in alum-trained BMDMs characterised by the NanoString Inflammation panel.
Remarkably, NanoString also revealed global downregulation of pro-inflammatory genes in
alum-trained BMDMSs compared to un-trained cells. Most of the literature on alum has
presented this adjuvant as an inducer of inflammation through necrosis, DAMP release?®°,
IL1-B induction®? and activation of DCs to polarise Th2 responses, inducing protective
humoral immunity during vaccination®?. In addition to IL-1Ra, a small group of upregulated
genes was observed following training with alum including other anti-inflammatory

mediators and several targets involved in cell proliferation and survival.
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The recent surge in immunometabolism research prompted us to investigate the potential
metabolic rewiring of macrophages underlying the anti-inflammatory effects of
macrophages stimulated with alum. Innate immune training has been found to be heavily
reliant on metabolic reprogramming to facilitate specific functional requirements of cells
in a given context. Alum-trained macrophages were found to exhibit enhanced oxygen
consumption and glycolytic capacity compared to 3-glucan. B-glucan-trained cells have also
been shown to have enhanced metabolic machinery and favour a switch from oxidative

phosphorylation to glycolysis according to several papers!®®

. Macrophages that have been
polarised towards the M1 end of the hypothetical polarisation continuum tend to have an
increased glycolytic capacity to fuel rapid responses such as enhanced secretion of
inflammatory mediators during infection®. On the other end of the scale the more M2-like
cells require an intact TCA cycle to provide substrates for ETC complexes which fuel
oxidative phosphorylation®. This facilitates the sustained energy requirements of cells
during the resolution phase of inflammation, particularly through enhanced proliferation
and survival. A key regulator in the control of cellular growth and proliferation is the
nutrient and growth factor sensor, mTOR%, The PI3K/mTOR pathway is fundamental in
the biosynthesis of macromolecules so it was unsurprising that inhibition of mTOR by
rapamycin reversed the metabolic profile of alum-stimulated BMDMs to that of un-
stimulated cells. Inhibition of both PI3K and mTOR also significantly reduced the secretion
of IL-1Ra and the pro-survival effects of alum training as seen by phase contrast imaging.
Furthermore, mTOR inhibition has been shown to enhance pro-inflammatory cytokine

199

production via NFkB in certain cancers*”” while DCs have enhanced IL-12 and reduced IL-

10/type | interferons when pre-treated with rapamycin, causing enhanced T cell

responses?®

. Another study found that inhibition of mTOR in monocytes and DCs
stimulated with TLR ligands enhanced differentiation of pro-inflammatory, anti-tumour
Th1 cells®31,

Our findings on alum-dependent mTOR activation and subsequent enhancement of IL-1Ra
secretion in macrophages are particularly exciting in the context of vaccination. As
mentioned, alum is known to enhance the secretion of inflammatory mediators during
vaccination, including IL-13 which is dependent on activation of the NLRP3

inflammasomel’3

. However, several studies have also shown that this inflammatory
response through NLRP3 is not required for enhanced IgG antibody responses which is
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primarily how alum induces its adjuvanticity. McKee et al showed that the inflammation
induced by alum in vivo is caspase-1-independent and that the endogenous T cell and
antibody responses as well as Th2 bias were unaffected by the absence of caspase-1 or
NLRP3163, Alum has retained its position as the most widely used vaccine adjuvant for
almost a hundred years. This is primarily due to its effectiveness at driving protective
humoral responses, but crucially, with the strongest safety record of any human adjuvant,
the widespread use of alum is due to its robust safety profile.

After the initial adjuvant-driven immunostimulatory response following vaccination, the
prevention of damage is ensured by the resolution phase of inflammation which promotes
repair mechanisms for wound healing.

The process of wound healing following injury or vaccination is a multistep cascade of
events and is mediated by several growth factors, cytokines and chemokines?°!. The three
overlapping phases of wound healing include the inflammatory phase, the proliferative
phase and finally the tissue remodelling phase®’. Initially, inflammatory mediators such as
chemokines and cytokines allow recruitment of cells to the site of injury and subsequent

202 production of

polarisation of these cells into functional effectors to prevent infection
reactive oxygen species (ROS) is part of this inflammatory phase particularly following
damage to blood vessels. To circumvent the toxic effects of ROS, scavenger proteins and
detoxifying enzymes are enhanced during normal wound healing?®. This is supported by
anti-oxidant response pathways such as the Nrf2 pathway which also downregulates pro-
inflammatory cytokines and enhances anti-inflammatory mediators such as IL-10 and IL-
1Ra'®. Interestingly a study characterising the wound healing properties of Acemannan, a
bioactive polysaccharide derived from aloe vera found that the expression of the
proliferation associated antigen Ki67 was enhanced in mouse fibroblasts when treated with
this polysaccharide. Furthermore activation of AKT/mTOR signalling in these cells lead to
enhanced elF4F and increased cyclin D1 translation, a marker of cell proliferation. When
mTOR was inhibited by rapamycin the enhanced translation of cyclin D1 was lost?%*, Finally,
constitutive activation of mTOR was found to enhance the wound healing process in mice
with epithelial-specific knock down of Pten and Tsc1 genes?®>,

During the onset of repair, myeloid cells at the injection site such as tissue-resident
macrophages and monocyte-derived macrophages recruited during the acute phase

response, switch to more anti-inflammatory, M2-like effectors2®. These anti-inflammatory
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macrophages enhance healing through enhanced secretion of IL-102°? and IL-1Ra?’ and
are metabolically rewired to provide this tailored cytokine response as well as the initiation
of proliferation and cell growth through mTOR-dependent macromolecular biosynthesis?%,
Based on the results in this thesis, it can be proposed that alum trains macrophages through
metabolic rewiring via mTOR activation to enhance secretion of anti-inflammatory
cytokines including IL-10 and IL-1Ra and provide the metabolic machinery favoured by

proliferating macrophages to promote resolution and repair. In the context of vaccination,

this effect may shed light on the robust safety profile of this widely used adjuvant.

"Trained" Metabolically
Rewired Macrophage

Alum ®
[
*® [ ) Naive Resolution
monocyte/ Response
o macrophage
[

PI3K/mTOR Activation

CI— -
o 91

Pro-inflammatory Anti-inflammatory IL-1Ra
M1 M2 Proliferation
Survival

Figure 5.1 Schematic of alum trained macrophage. Naive monocytes/macrophages exposed to
alum induce activation of mTOR resulting in metabolic rewiring. Alum-trains macrophages to be
highly energetic coupled with the secretion of anti-inflammatory cytokines including IL-10 and
IL-1Ra and provide the metabolic machinery through enhanced glycolysis and oxidative
phosphorylation favoured by proliferating macrophages to promote resolution and repair
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Fold Change Compared to Un-trained

Gene Name Mouse 1 Mouse 2 Mouse 3
Ccl2 6.85 6.18 6.97
Cxcl2 4.92 4.57 5.12
Cxcll 4.55 3.51 3.13
Ccl3 3.92 4.08 4.33
Csf2 3.82 1.59 1.34
Ccl22 3.7 1.6 2.22
l1rn 3.64 3.35 3.63
Ccl4 3.42 3.2 3.66
Ccl7 3.28 1.84 2.46
Cxcl3 2.99 2.78 2.67
Cxcl5 2.88 3.61 -1.98
Tnfsfl4 2.72 2.74 2.6
Tnf 2.68 2.76 3.15
Cd40lg 2.36 1.48 2.8
Pla2g4a 2.18 1.84 2.01
Chi3lI3 2.17 1.02 -1.95
Maff 2.15 2.52 2.62
Csfl 2.08 1.45 1.42
Bcl2l1 2.03 2.06 2.24
Tnfaip3 2.03 1.85 1.95
Mafk 1.94 2.06 2.02
Ptgir 1.9 1.87 2.04
Ptgs2 1.85 1.24 -1.15
Cls 1.81 -1.32 1.43
Nirp3 1.67 1.4 1.48
Nfe2l2 1.62 1.46 1.65
Ptgfr 1.6 -2 -1.08
Clra 1.44 -1.15 1.17
Tlr2 1.4 1.39 1.52
C8a 1.38 1.08 2
Gapdh 1.38 1.32 1.43
115 1.37 -1.95 -1.16
Ccl20 1.35 1.27 1.3
Ripk2 1.35 1.23 1.28
Cxcr2 1.34 1.89 -1.89
Fasl 1.33 -3.15 1.05
Myc 1.31 1.45 1.34
Areg 1.3 -1.09 1.11
Jun 1.28 1.39 1.38
Tollip 1.24 1.36 1.39

143




He 1.18 -1.81 1.39
19 1.18 1.93 1.86
Ptgerl 1.18 1.38 1.86
Ccl5 1.18 -1.16 1.06
ltgh2 1.17 1.14 1.24
Mapkapk5 1.15 1.19 1.36
117 1.15 -1.86 -1.32
Gnas 1.15 1.24 1.16
Cxcl10 1.13 -1.12 1.07
Defa-rs1 1.12 -1.66 -1.32
Pik3c2g 1.11 -1.44 -1.71
Cd40 1.1 -1.22 -1.11
Lta 1.08 -2.46 1.2

Tslp 1.08 -1.48 -1.32
Cebpb 1.07 1.09 1.14
Relb 1.05 1.03 1.08
Nod2 1.03 1.2 1.12
Ddit3 1.01 -1.07 1.03
Cds5 -1.01 -1.07 -1.13
Nfkb1 -1.02 -1.07 -1.02
Cfl1 -1.05 -1.02 -1.02
123a -1.05 -1.43 -1.71
Mapkapk2 -1.06 -1.11 -1.03
Gnb1 -1.06 -1.08 -1.02
Hdac4 -1.08 -1.16 -1.16
122ra2 -1.08 -1.44 -1.14
Map2k4 -1.08 -1.05 -1.03
Ptk2 -1.09 -1.16 -1.19
Mmp3 -1.09 -1.16 1.3

Hmgnl -1.11 -1.21 -1.21
C8b -1.13 -2.89 -1.43
Flt1 -1.13 -2.01 -1.43
Irf5 -1.15 -1.05 1.02
Map3k7 -1.17 -1.22 -1.23
Ptgerd -1.17 -1.11 -1.2

Prkca -1.18 -2.67 -1.59
Csf3 -1.19 -2.11 -1.88
[E} -1.19 -1.52 1.54
Limk1 -1.19 -1.17 -1.12
Gngtl -1.2 -2.23 -1.52
Mapk1 -1.2 -1.07 -1.04
Fos -1.21 1.1 -1.37
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Cdc42 -1.21 -1.2 -1.16
Rhoa -1.22 -1.22 -1.19
Max -1.22 -1.17 -1.09
Ccl21a -1.22 -1.3 -1.29
Nos2 -1.23 -1.96 -2.33
Tgfbl -1.23 -1.26 -1.15
Ppplrl2b -1.24 -1.06 -1.23
112b -1.25 2.01 -1.35
Myl2 -1.25 -1.02 1.31
Tgfb2 -1.28 -1.77 -2.34
Rapgef2 -1.28 -1.42 -1.42
1irl -1.28 -1.15 -2.32
C9 -1.28 -1.7 1.23
Retnla -1.3 -4.07 -1.64
TIr3 -1.31 -2.58 -1.2
1113 -1.31 -2.1 -8.24
Rela -1.31 -1.37 -1.28
c7 -1.34 -2.15 -1.02
Oasla -1.34 -1.62 -1.5
Map2k1 -1.34 -1.34 -1.36
Maspl -1.35 -2.64 -2.36
Trem?2 -1.38 -1.36 -1.33
Ltb4rl -1.39 -1.85 1.36
Rafl -1.39 -1.41 -1.22
Tyrobp -1.39 -1.41 -1.26
Ltb -1.4 -1.28 1.41
Prkcb -1.4 -1.58 -1.37
Grb2 -1.42 -1.42 -1.33
Tird -1.42 -1.39 -1.27
Elk1 -1.43 -1.29 -1.4
Alox15 -1.43 -2.04 -1.45
Racl -1.44 -1.46 -1.43
Ptger2 -1.45 -1.46 -1.2
Tirl -1.45 -1.73 -1.45
Traf2 -1.46 -1.55 -1.22
H2-Ea-ps -1.46 -3.51 -2.39
TIr6 -1.47 -1.41 -1.37
Myd88 -1.47 -1.74 -1.55
Nfatc3 -1.48 -1.47 -1.52
Ifnbl -1.48 -1.09 -1.12
Shcl -1.48 -1.64 -1.59
Ripk1 -1.49 -1.6 -1.42
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Cd163 -1.49 -3.44 -2.38
Hmgb2 -1.5 -1.6 -1.32
C6 -1.53 1.07 -1.55
Cxcrl -1.53 1.07 -1.55
Keapl -1.53 -1.52 -1.31
Map2k6 -1.54 -1.55 -1.53
Irfl -1.54 -1.87 -1.37
l112a -1.54 -2.3 -2.28
Cd4 -1.55 -1.81 -1.01
Mapk8 -1.56 -1.39 -1.23
1121 -1.56 1.2 1.77
Map3k1l -1.57 -1.59 -1.42
C3 -1.57 -1.96 -1.57
lllrap -1.58 -1.41 -1.4
Pdgfa -1.59 -1.4 -1.36
Gnaq -1.62 -1.66 -1.61
Atf2 -1.62 -1.58 -1.53
Nox1 -1.63 -1.31 -1.11
Kngl -1.64 -1.53 -1.82
Mapk3 -1.68 -1.64 -1.52
Nr3cl -1.69 -1.67 -1.6
1122 -1.69 -2.7 -1.61
Masp2 -1.71 -2.28 -5.43
Tradd -1.72 -1.71 -1.65
Hmgbl -1.72 -1.8 -1.6
[110rb -1.73 -1.71 -1.6
Ly96 -1.75 -1.71 -1.56
Ifitl -1.76 -4.35 -2.26
Twist2 -1.76 -1.87 -1.34
Cfb -1.76 -1.69 1.1

C3arl -1.77 -1.84 -1.82
Ltb4r2 -1.78 -1.36 1.24
Rock?2 -1.78 -1.61 -1.8
Cerl -1.81 -1.39 -1.5

Hrasl -1.82 -1.36 -1.79
Ccr3 -1.84 -1.96 -2.13
Hifla -1.86 -2.21 -2.04
1173 -1.86 -1.49 -1.77
Mbl2 -1.87 -1.99 1.27
Mapk14 -1.87 -1.91 -1.84
Ifi2712a -1.88 -1.77 -2.05
Mmp9 -1.9 -1.55 -2.18
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Bcl6 -1.9 -1.83 -1.94
Oasll -1.92 -7.3 -3.92
Nod1 -1.93 -2.02 -1.88
Mknk1 -1.93 -1.89 -1.74
Mef2c_Mm -1.96 -2.03 -1.77
Mafg -1.96 -2.15 -2.19
1118 -1.99 -1.66 -1.47
TIr7 -1.99 -2.2 -1.81
Birc2 -2.01 -2.26 -2.13
Stat3 -2.01 -2.12 -1.98
Argl -2.06 1.06 -1.12
Mef2d -2.06 -1.72 -1.81
Daxx -2.06 -2.05 -1.9
Clgb -2.07 -2.24 -1.94
l11a -2.09 -1.12 1.22
Statl -2.1 -2.54 -2.38
Tgfbrl -2.13 -2.01 -1.92
Hspb2 -2.18 -1.85 -2.21
l11b -2.25 -3.04 -3.68
Ccl17 -2.25 -1.92 -5.71
Cxcr4 -2.26 -2.23 -2.03
Hspbl -2.3 -2.85 -15.29
Plcbl -2.3 -1.96 -1.67
1110 -2.32 -1.58 -1.29
Mx2 -2.34 -2.77 -3.3
116 -2.38 -1.69 -4.02
Ccr4 -2.39 -5 -5
Cysltr2 -2.39 -2.74 -1.32
Cysltrl -2.39 -3.11 -2.81
Ifit2 -2.43 -4.12 -2.71
Ccl8 -2.43 -1.55 -1.42
Irf7 -2.44 -4.78 -3.92
Stat2 -2.46 -2.74 -2.61
11 -2.47 -2.63 -2.08
Alox5 -2.49 -3.5 -2.67
Mrcl -2.77 -3.01 -2.83
Ifnal -2.79 -1.28 1.13
112 -2.82 -1.34 -2.04
ll6ra -2.86 -2.55 -2.68
Smad7 -2.87 -2.6 -2.39
1115 -2.88 -3.14 -2.98
Clga -2.89 -3.45 -2.8
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Irf3 -2.89 -2.77 -2.06
Tcfd 2.9 -3.03 -2.85
Crebl -2.93 -2.55 -3.93
TIr9 -2.94 -3.48 -3.07
Oas2 -2.95 -3.54 -3.37
Cda -2.96 -1.58 -2.05
Mx1 -2.97 -4.86 -2.79
ligp1 -3.01 -6.42 -2.86
TIr8 -3.05 -3.37 -3.37
Gpra4 -3.14 -5.02 -2.39
Map3k5 -3.15 -3.22 -3.09
118rap -3.23 -2.67 3.1

Mef2b -3.29 -1.75 -1.79
1123r -3.37 -1.34 -4.27
Cer7 -3.37 -3.59 -1.42
Cd86 -3.38 -3.46 -2.96
Alox12 3.4 -3.55 1.16

Cxcl9 -3.46 -3.07 -1.99
Ifit3 -3.69 -6.57 -4.78
Hsh2d -3.74 -1.33 1.05

Ifng -3.74 -1.99 1.48

Mef2a -3.76 -3.41 -3.23
Rps6ka5 -3.83 -4.46 -3.53
Map3k9 -3.91 -1.85 -3.96
Thxa2r -4.12 -1.46 -1.3

Tgfb3 -4.16 -5.62 -5.82
c2 4.2 -2.24 -1.64
TIr5 4.3 -7.72 -6.12
Cel1l -4.9 -5.13 -1.04
Ccl19 -4.9 -1.04 -1.55
114 -5.08 -5.31 -2.14
Ager -5.18 -3.22 -2.55
Ptger3 -5.85 -8.72 -7.98
Ifiad -7.01 -12.14 -12.16
Ptgsl -7.02 -6.43 -6.71
Cfd -7.04 -1.25 -2.23
Ccl24 -8.49 -11.76 -4.67
Crp -9.15 -1.95 -1.45
Fxyd2 -9.64 -16.44 -8.22
Cer2 -13.03 -19.52 -12.82
H2-Eb1l -39.19 -54.48 -37.17
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(®) Gene Class Analyte Type | Avg Count |Min Count|Max Count|% Samples %CV
Tubb5 | Housekeeping mRNA 1,798.50 1,464 2,168 100 18.078
Pgkl | Housekeeping mRNA 1,163.33 978 1,343 100 13.744
Cltc | Housekeeping mRNA 16,013.36 | 13,406 19,273 100 17.167
Gusb | Housekeeping mRNA 8,745.56 8,240 9,317 100 4.329
Hprt | Housekeeping mRNA 532.29 419 640 100 17.039

Supplementary Table 1. NanoString gene list with fold changes. Alum-trained BMDMs were
compared to un-trained control cells using nSolver software. Fold changes for 249 genes are
shown in (A). Internal reference genes are shown in (B).
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Supplementary Figure 1: Alum induces mitochondrial ROS production in BMDMs
BMDMs were incubated with alum (10ug/ml) CpG (4ug/ml) and Rotenone (5uM) for 1
hour. Live cells were analysed for expression of MitoSOX by flow cytometry*. (A) Gating
strategy (B) Immunofluorescence is shown for alum, CpG or rotenone (blue line)
compared to untreated cells (shaded histograms). Results are representative of two
independent experiments. (C) Immunofluorescence is shown for alum (blue line)

compared to DMEM treated cells (shaded histograms). *Flow cytometry performed by
Joanna Turley (B.A.)
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