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Abstract

For most of recent history, Tuberculosis (TB) has been the leading cause of death by an
infective agent worldwide. Tuberculosis is caused by Mycobacterium tuberculosis (Mtb),
which infects human lungs following respiratory transmission. Epidemiological studies
have estimated up to a tenfold higher risk of active TB infection among those with
vitamin A deficiency (VAD), but the mechanism of this increased risk is currently
undefined. All trans retinoic acid (ATRA) is the active metabolite of vitamin A and has
previously been found to improve the ability of human macrophages to kill Mtb when
given exogenously, by affecting macrophage cytokine production, autophagy and
cholesterol pathways. However clinical trials of vitamin A, in the form of retinol, as an
adjunct to TB therapy have failed to show any measurable clinical benefit. We show that
Mtb infected human macrophages likely have a reduced capacity to oxidise retinol to
ATRA, and a reduced capacity to deliver ATRA to its nuclear receptors due to the reduced
expression of key enzymes and carrier proteins. This may partly explain why clinical trials
of retinol have failed and suggests that ATRA itself is worthy of investigation in clinical
trials. We also show that blocking the signalling of endogenously produced ATRA within
human macrophages impairs early metabolic responses to Mtb and impairs the ability of
macrophages to kill Mtb. This may partly explain why those with VAD are at increased risk
of TB.

Nontuberculous mycobacteria (NTM) also cause respiratory infections, typically in
patients with underlying structural lung disease or immunodeficiencies. NTM infections
have increasing incidence worldwide and have worse treatment outcomes than TB due in
large part to frequent drug resistance and relapse. It is unknown if ATRA, which is an
effective host-directed therapy (HDT) for Mtb in vitro and in vivo in animal models of TB,
might also improve host responses to NTMs, such as the slow grower Mycobacterium
chimaera and the fast grower Mycobacterium abscessus. We found that ATRA is an
effective HDT for M. chimaera in vitro, but not for M. abscessus. ATRA altered
macrophage metabolic responses to NTMs and altered macrophage cytokine responses

to M. chimaera. ATRA treated macrophages secreted less anti-inflammatory IL-10 when
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infected with M. chimaera which may support phagolysosomal maturation. ATRA may

hold promise as an adjunctive HDT for slow growing NTM infections.

In more recent years, TB has been overtaken as the leading infectious killer by COVID-19.
SARS-CoV-2 also infects human lungs via respiratory transmission. Older adults, in
particular those over the age of 75, are at far higher risk of severe infections and
mortality due to COVID-19. Little is known about human alveolar macrophage (AM)
responses to SARS-CoV-2 antigens, such as the spike protein and envelope protein. We
found that human AMs do not sense SARS-CoV-2 spike protein but do sense envelope
protein via the pattern recognition receptor TLR4, secreting IL-1B, IFNy, IL-12p70, IL-6 and
TNFoa in response. AMs from donors over the age of 75 years produced significantly more
cytokines than those from younger patients following stimulation with SARS-CoV-2
envelope protein. This may partly explain why older adults are at such high risk of severe

lung inflammation in COVID-19.

In this thesis we demonstrate how studying the early immune responses of human
macrophages to a diverse set of emerging and enduring respiratory pathogens — Mtb,
NTMs and SARS-CoV-2 — can reveal findings that are relevant to future laboratory and

clinical research.
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Lay Abstract

Tuberculosis (TB) is a lung infection that kills more people worldwide than any other
infection. TB is caused by bacteria that spread from person to person through the air by
coughing. People who have lower vitamin A levels are more likely to get TB infections, but
we don’t know exactly why. In laboratory experiments, an ‘activated’ type of vitamin A
was previously shown to help human immune cells, called macrophages, to kill TB
bacteria. But when vitamin A was given to patients with TB, it did not improve their
treatment. We did laboratory experiments and found that macrophages that are infected
with TB bacteria are less able to activate and deliver vitamin A. This might explain why
vitamin A didn’t improve treatment for patients with TB. Giving activated vitamin A to
patients with TB might work better. In another experiment, we found that macrophages
activate vitamin A and use it to boost their energy use when infected by TB bacteria, and
use activated vitamin A to help them kill TB bacteria. This might explain why people with

lower vitamin A levels are more likely to get TB infections.

We also studied infections caused by bacteria that are closely related to TB bacteria,
called nontuberculous mycobacteria (NTM). NTM infections are becoming more
common, can be more difficult to treat than TB infections and usually affect people who
have problems with their lungs or immune systems. It is not known if activated vitamin A
helps macrophages to kill NTM bacteria, like it does for TB bacteria. We found that
activated vitamin A does help macrophages kill a slow growing type of NTM bacteria, but
not for a rapid growing type of NTM bacteria. We found that activated vitamin A changes
how macrophages use energy and what immune messengers, called cytokines, they
produce when infected with NTM bacteria. Activated vitamin A might improve the

treatment of patients with infections due to slow growing NTM bacteria.

More recently, COVID-19 has killed more people than TB. Old people are more likely to
get severe COVID-19 lung infections and are more likely to die from COVID-19. It is
unknown if human lung macrophages can sense and respond to parts of the COVID-19
virus, such as the spike protein or the envelope protein. In our experiments, we found

that human lung macrophages sense the envelope protein of the COVID-19 virus and that
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human lung macrophages from older people produce more cytokines than those from

younger people. This might help explain why older people get worse COVID-19 infections.
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Aims and Hypotheses

Aim 1: Defining the role of endogenous macrophage production of ATRA in Mtb infection.

Hypothesis 1: Endogenous macrophage ATRA production supports macrophage defences

during Mtb infection.

In chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) we aimed to determine the effect of Mtb infection on human macrophage
vitamin A pathways and to determine the effects of endogenously produced ATRA on
macrophage responses to Mtb infection. We investigated whether human macrophages
express the enzymes needed to produce ATRA from retinol and the carrier proteins
needed to deliver ATRA to its nuclear receptors, and if their expression is altered by Mtb
infection. We also investigated whether macrophage responses to Mtb were dependent

on the signalling of endogenously produced ATRA.

Aim 2: Investigating exogenous ATRA as a potential HDT for NTM infections.

Hypothesis 2: ATRA is an effective HDT for NTM infections, in vitro.

In chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) we aimed to determine if exogenous ATRA is an effective HDT against
NTMs in vitro, and if so by what mechanisms. Specifically, we determined whether ATRA
inhibited the growth of M. chimaera or M. abscessus in a macrophage dependent
manner. Additionally, we tested the hypotheses that ATRA would improve the
microbiocidal activity of macrophages by reducing macrophage intracellular cholesterol
concentrations and altering their cytokine and metabolic responses to infection with

these NTMs.
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Aim 3: Determining the cytokine responses of human AMs to SARS-CoV-2 antigens.

Hypothesis 3: Human AMs mount a cytokine response to SARS-CoV-2 antigens via

engagement with TLRs but are not productively infected by the virus.

In chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) we aimed to determine if and how human AMs sense SARS-CoV-2
antigens, and to understand what their cytokine responses are and if these responses
vary by age and smoking status. We hypothesised that SARS-CoV-2 spike protein or
envelope protein induce the secretion of cytokines from human AMs, and those cytokine
responses are dependent on TLR2 or TLR4. We also aimed to investigate if human AMs

can be infected by or produce a cytokine response to live SARS-CoV-2.
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Value of Research

In chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) many of our research findings are novel. We are the first to demonstrate the
expression of the vitamin A oxidation enzymes DHRS3, DHRS9, RDH10, ALDH1a1,
ALDH1a2, ALDH1a3 and ALDH3b1 and the ATRA carrier protein FABP5 in human
monocyte-derived macrophages (MDMs) and AMs. We are the first to report that the
macrophage expression of these vitamin A enzymes and ATRA carrier proteins is reduced
by Mtb infection and LPS stimulation. We are the first to show that the signalling of
endogenously produced ATRA is important in human macrophage metabolic responses to
Mtb and their ability to kill Mtb. Our chapter 3 findings are relevant to the clinical
domain, and potentially impactful, on several fronts. Our finding that macrophage
production of ATRA is impaired by Mtb suggests that, despite negative clinical trials using
retinol, vitamin A should not yet be ruled out and support the clinical investigation of
exogenous ATRA (not retinol), as a HDT in TB infection. Our finding that impaired
signalling of endogenously produced ATRA results in impaired energetic responses to Mtb
and impaired macrophage killing of Mtb may partially explain why VAD confers such a
high risk of active TB. Our research supports the pursuit of clinical trials examining the
efficacy of ATRA as a prophylactic agent against active TB in certain risk groups. Using
ATRA for TB prophylaxis or as an adjunct to TB therapy might go some way to address
several clinical challenges for TB — the leading infectious cause of death — such as disease
prevention in high-risk patients, drug resistance, treatment durations and TB

immunopathology.

In chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) our results were novel and potentially impactful in several ways. Ours is
the first direct evidence of an effective HDT for an NTM infection. Our experiments are
also the first examining the real time cellular metabolic responses during an infection
with live mycobacteria (including Mtb) and validate the findings of other researchers who
used irradiated mycobacteria. We are the first to document the metabolic effects of
ATRA on AMs, and the first describing ATRA's effects on cellular metabolism during an

infection with a live pathogen. NTM infections have rising incidence, affect the
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immunosuppressed or those with underlying lung disease, and have high treatment
failure and relapse rates. Our chapter 4 results should be built upon using murine models
of NTM infection and then, perhaps, clinical trials. If effective, adjunctive ATRA might
reduce the long durations of treatment currently required for NTM infections. An
effective HDT might reduce the high rates of relapse if given after antimycobacterial
therapy or prevent the onset of disease if given to culture positive patients without a

diagnosis of NTM disease.

In chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) we provide novel evidence that human AMs produce cytokines in
response to SARS-CoV-2 antigens and we correlate those cytokine responses with clinical
risk factors. Ours is the first evidence of age affecting cytokine responses of human AMs.
In fact, while others have reported age differences with human monocytes, this is the
first evidence of age affecting the cytokine responses of human macrophages of any kind,
to any stimulus. We therefore uncover a potential mechanism by which the innate
pulmonary response to COVID-19 in the elderly differs from younger adults, in a manner
that could plausibly be pathological. Our findings would strongly support future research
initiatives investigating envelope protein-containing vaccines, envelope protein-targeting
therapeutic antibodies, TLR4 pathway antagonists or inhaled therapies targeting the AM
inflammasome. Such novel preventative or therapeutic applications of our research, used
in conjunction with existing vaccines and therapies, might prevent clinical infections,
reduce immunopathology, improve clinical outcomes and reduce the suffering of those

with COVID-19 infections.
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Chapter 1

1 Introduction

1.1 Ancient and Modern Threats

In the late 20t century, beneath the eastern Mediterranean, the remains of a young
mother and her infant child were excavated from a now-submerged, 9,000-year-old
neolithic settlement named Atlit-Yam. Palaeopathological features of tuberculosis (TB)
were evident on inspection of both skeletons, and bone samples were analysed using
polymerase chain reaction (PCR). The DNA of Mycobacterium tuberculosis (Mtb) was
identified in both individuals (2) (Figure 1.1). Genetic modelling studies have projected
the common ancestry of Mtb subspecies back millions of years to east Africa, at the right
time and place to encounter early hominids — the first gunshots before a long stalemate
(3). Mtb is a truly ancient foe whose story has been interlaced with Homo sapiens’ story

since the first paragraph of chapter one.

TB is an ancient threat but not a historical one. In fact, TB remains unparalleled to the
present day, consistently killing more than any other pathogen outside the exceptional
pandemic years. In 2021, Mtb infected 10.6 million and killed 1.6 million people — both
rising over time (4). Mtb’s first cousins, the nontuberculous mycobacteria (NTM), also
cause significant morbidity and mortality and are on the rise too. NTMs predominantly
afflict the most vulnerable as opportunistic infections and are more difficult to treat than

TB (5).

In contrast to Mtb, SARS-CoV-2 is not ancient but rather the most modern of human
pathogens (6). Despite its short existence, having caused the first confirmed COVID-19
case in late December 2019, SARS-CoV-2 has dethroned Mtb as the leading killer for the
time being. In three years, SARS-CoV-2 has been responsible for billions of infections and
millions of excess deaths (7,8). Those costs are in spite of unprecedented mitigation
measures which have exacted their own unmeasurable economic, social and political
costs — not to mention untold individual human isolation and quiet misery (8—10). The

pandemic shockwave blasted through healthcare infrastructure. TB notifications and
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treatment enrolment crashed into freefall and are only now starting to recover —a

conspiracy of new and old foes (11).

At first glance, the slow intractability of the ancient TB pandemic seems quite distinct to
the blistering force of the modern SARS-CoV-2 pandemic. But both point to a unique
human vulnerability — a chink in the armour of the immune system and a zero-day bug in

the network firewall —in the form of the human lungs.

Figure 1.1: The preserved, underwater, skeletal remains of a mother and child at Atlit-Yam, that
tested positive for Mitb DNA (yellow arrow points to child’s remains). Dating back over 9,000
years, this is the earliest indisputable evidence of TB in humans, although TB has likely co-evolved
with its human hosts for much longer (2). Indirect palaeopathological evidence that is suggestive
of, but not specific for TB meningitis in a Homo erectus skeleton that is half a million years old,
and genetic modelling studies push the co-evolution of TB and hominids back much further still
(12). Photo credit: Hershkovitz et al. (2).
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1.2 Host Defence against Infection in the Lung

Each day, over ten thousand litres of air flow in and out of our lungs. This air, together
with its suspended particles and pathogens, is brought into direct contact with the inner
lung surface, which has an area of over 100 m? (13-15). Understandably, this has been
described as a ‘critical immune interface’. Evolution has bestowed the host with multiple

layers of defence to prevent and fight infections.

The physical barrier of airway mucous is continuously cleared by mucociliary transport,
sweeping back trapped invaders. Structural lung diseases such as bronchiectasis interfere
with this important clearance mechanism (16). Pathogens that survive and penetrate the
airway mucous encounter the mucosal barrier made of tightly packed epithelial cells.
Epithelial cells secrete IgAs and other effector molecules which neutralise viruses and

block bacterial invasion mechanisms (13,14).

Innate immune cells patrol the airways, in particular the native, tissue resident alveolar
macrophages (AMs). AMs are the most prevalent immune cell in the resting airways and
function as phagocytes, as antigen presenters and as sentinel immune cells that signal to
other immune cells. This signalling function is mediated through the production of
cytokines and chemokines that summon other innate and adaptive immune cells to the
lung and affect their activation (13—15). Given that AMs are the first professional immune
cells to interact with pathogens in the earliest moments of natural infection, and given
their role in summoning and activating other innate and adaptive cells, it is perhaps
unsurprising that AMs make a critical contribution to host defence against viruses (17,18),

bacteria (19) and fungi (20).

Immune cells that traffic to the lung in response to AM signals include innate cells
(neutrophils, monocytes, dendritic cells) as well as adaptive cells (CD4 and CD8 T cells).
These recruited cells contribute to the cytokine milieu and to host defence through
NETosis (neutrophils), phagocytosis (monocytes), activation of AMs (IFNy secreted by CD4
T cells), presentation of antigens in lymph nodes (dendritic cells) and inducing apoptosis

of infected cells (CD8 T cells), among many other mechanisms (13-15,21).
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The cumulative result of these many processes is pulmonary inflammation. While these
immune responses to infection have evolved to protect the host, they too contribute to
pathology. Counterintuitively, some models of viral infection (22) (but not others (23—-26))
suggest that AMs are on balance net contributors to disease, as their depletion reduces
pathology. Similarly, depletion of AMs reduces Mtb burden in mouse models of infection
(27,28). Excessive pulmonary inflammation on occasion results in the acute respiratory
distress syndrome (ARDS). ARDS is characterised by alveolar epithelial cell death, oedema
and dysregulated coagulation. In this setting, AMs play another crucial role —in tissue

repair and the resolution of ARDS (29).

Whether during the first encounters or during the resolution of late-stage pulmonary
inflammation and pathology, AMs are influential in the host defence against infection.
This is certainly the case for SARS-CoV-2, and for mycobacterial infections — the subjects

of this thesis.
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1.3 Vitamin A as a Host-Directed Therapy for Mycobacterial Infections

1.3.1 Mycobacterium tuberculosis: Epidemiology, Microbiology and Pathophysiology

As already mentioned, Mtb infected 10.6 million and killed 1.6 million people in 2021 (4).
These cases and deaths are geographically concentrated — the Central African Republic,
South Africa and the Philippines have incidences of active TB greater than 500 per
100,000 of population per year while Ireland, the United States and Australia all have
incidences lower than 10 per 100,000 (4). For most years over the last two decades, TB
has been the leading killer by an infectious agent and is still the leading cause of death
among people with HIV, globally (30). HIV increases the risk of active TB, like other risk
factors such as malnutrition, smoking status, alcohol dependence, diabetes mellitus and
the use of immunosuppressive medications such as TNFa inhibitors (4,31,32). Certain
social cohorts are more likely to acquire TB or develop active TB infections, including
contacts of known TB cases, healthcare workers, migrants from high incidence countries,
people who are homeless, prisoners and those who inject drugs (31,33). Animal contact
confers a risk of TB infection due to the zoonotic transmission of Mycobacterium bovis

(34).

Mtb is a slow-growing, acid-fast, non-motile, aerobic bacillus with a waxy outer cell wall,
rich in mycolic acid. The Mtb complex includes several species causing human infection.
Those include M. tuberculosis, M. bovis, M. africanum, M. microti and M. canetti — the
progenitor species from which other Mtb species evolved (35). Mtb is transmitted via
respiratory droplets. Upon entry in the airways, it is phagocytosed by AMs. ‘Early
clearance’ of Mtb by innate immune cells occurs in a significant fraction of those infected,
before the adaptive immune system has had a chance to record an Mtb-specific immune
memory (19). Killing of Mtb by AMs occurs through the fusion of phagosomes with acidic
lysosomes via the endolysosomal system or autophagy, through oxidative stress, through
the production of antibacterial proteins, and through the apoptotic death of Mtb-
containing AMs (19). However, Mtb produces virulence factors that can interfere with
these processes and allow it to persist within the phagosome and even escape to the
cytoplasm and extracellular space (35). There is even some evidence that Mtb-containing

AMs migrate into the interstitium and so assist in its dissemination (36). In more recent
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years, the immunometabolic responses of macrophages to infection have been linked
with enhanced effector functions such as phagocytosis and cytokine production (37).
More specifically, macrophages infected with Mtb rapidly upregulate glycolysis, and this
increased glycolysis is necessary for them to secrete IL-1p and contain Mtb growth
(28,38,39). Like for other host defence processes, virulent Mtb strains may interefere

with macrophage immunometabolic responses (40).

Where the innate immune system fails in early clearance, a primary active TB infection
can ensue in about 10%, with an associated risk of onward transmission (35).
Alternatively, the Mtb can persist within granulomas — a cooperation between innate and
adaptive cells to contain the bacillus. This quiescent, /atent TB infection (LTBI) is
identifiable in asymptomatic individuals by the release of interferon gamma by CD4 T
cells stimulated with Mtb antigens. This latent infection confers a 5-10% lifetime risk of
reactivation to an active TB infection, a risk which is much higher in the
immunosuppressed (4,35). Approximately one quarter of the global population is

estimated to have LTBI (41).

1.3.2 Mpycobacterium tuberculosis Infections: Clinical Challenges

A confluence of factors in TB combines to present extraordinary clinical and public health

challenges:

e TBinfection frequently occurs in the immunosuppressed, more often presenting
with disseminated and extrapulmonary disease in these patients (32,42).

e TBinfection frequently occurs in hard-to-reach members of the population,
complicating access to care and the management of cases (31).

e TBinfection frequently occurs in patients with multiple co-morbidities and co-
medications, complicating management and prescribing (31,43).

e TBis transmissible. Exactly how transmissible is difficult to estimate given its long
incubation period, among other factors (44). Transmissibility complicates patient
management (need for isolation), leads to outbreaks and the spread of
resistance, and demands the follow-up of close contacts in many settings. This
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factor also complicates efforts to eliminate TB, as a large reservoir of
asymptomatic individuals with LTBI continually spawns new active TB disease and
transmission.

Increased global travel puts travellers from lower incidence countries at risk of
exposure to TB and migrants arriving from higher incidence countries at risk of
importing TB and drug resistance (45).

Delays in TB treatment are typical as infections can involve any body site, mimic
other common diseases, and therefore present a diagnostic challenge. Stigma
also is a factor in delayed presentations. Even when clinically suspected, the
microbiological diagnosis of TB is often difficult (43).

TB therapies are relatively toxic, interact with other many other medications, and
treatment durations are long compared with other infections (46). As a result,
adherence and treatment success can suffer, with one in seven patients starting
TB treatment not attaining a successful outcome (4).

Mtb readily acquires drug resistance if not treated with multiple effective drugs
under careful, specialised supervision. This places high demands on healthcare
infrastructures, most often in low-resource countries. Resistance to even the
most recently developed antituberculous agents has emerged — the supply of
new agents through the drug development pipeline can barely quench the thirst
for new therapies (47,48).

In 2021 there were an estimated 450,000 cases of MDR TB, with only one third
prescribed treatment. Traditionally, treatment of drug resistant TB has required
even longer treatment durations, although recent innovations have reduced

durations for these patients (4,49).

To overcome several of these challenges, many researchers have been developing

therapies that target the host’s ability to kill Mtb, rather than the bacillus itself (50). If

the promise of such host-directed therapies (HDTs) is vindicated by future research,

they could complement antimycobacterials to reduce treatment durations, reduce

pathology, and would be effective even in highly drug resistant Mtb infections.

Because they target the host, they may also be effective in other infections such as
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those caused by nontuberculous mycobacteria, which present many challenges of

their own.

1.3.3 Nontuberculous Mycobacterial Infections: Microbiology and Epidemiology

‘Nontuberculous mycobacteria’ (NTM) is a term used to classify different species of
mycobacteria that do not cause tuberculosis or leprosy. NTMs are subdivided into ‘rapid
growers’ and ‘slow growers’, depending on whether they produce mature colonies on
agar by 7 days or less, or more than 7 days. Both rapid and slow-growing NTM species can
cause human disease (51). Rapid growers were the evolutionary ancestors to all NTMs,
and mycobacteria causing tuberculosis and leprosy. A single evolutionary split resulted in
the development of all slow-growing mycobacteria, including slow-growing NTMs and M.
tuberculosis (52). In the environment, NTMs can infect and survive in amoeba
trophozoites. This equips them to be able to survive within macrophages and is
postulated to be an important evolutionary milestone in the transition from purely
environmental to pathogenic mycobacteria (51). There is variation in the species causing
NTM infections across different geographies (53). Some notable NTM species that cause
human disease include: species of the M. avium complex (MAC), which account for
approximately half of global NTM lung disease (53); M. ulcerans, the cause of Buruli ulcer;
and M. marinum, which causes a sporotrichoid skin and soft tissue infection, associated

with exposure to aquaria (51).

The global burden of NTM infections is difficult to estimate given the difficulty in
diagnosing NTM infections, the confounding factor of NTM colonisation and the fact that
NTM infections are not notifiable in most countries. However, in the United States (US),
the incidence of NTM infections has been estimated at 4.73 per 100,000 person-years
and was found to be increasing (54). This compares with a falling incidence of active TB of
2.4 per 100,000 person-years in the United States in 2021 (55). This increasing incidence
is being observed globally (5).

M. abscessus is an example of a rapid-growing NTM species complex, consisting of three

subspecies: M. abscessus subsp. abscessus; M. abscessus subsp. bolletii and M. abscessus
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subsp. massiliense. This complex can manifest ‘smooth’ and ‘rough’ colony morphologies,
engendered by glycopeptidolipid (GPL) expression (smooth), or non-expression (rough),
on the nontuberculous mycobacterial cell wall (GPL is not expressed by Mtb). These two
morphologies are associated with differing experimental phenotypes: rough variants are
phagocytosed in clumps, whereas smooth variants are taken up singly; smooth variants
inhibit phagosomal maturation, whereas the rough variant-containing phagosomes fuse
readily with lysosomes; smooth variants escape the phagolysosome and induce
granuloma formation whereas rough variants induce apoptosis and undergo extracellular
replication; and rough variants are more virulent than smooth variants in zebrafish
infection models (51,56). M. abscessus bacilli can irreversibly transition from smooth to

rough in vivo via genetic mutations, which leads to a step change in virulence (51).

M. chimaera is an example of a slow-growing NTM species. It is the newest identified
member of the M. avium complex and sits alongside M. avium and M. intracellulare. MAC
species can produce rough or smooth colonies, and sequencing techniques are required

to distinguish M. chimaera from other members of the complex (57).

Both M. abscessus and M. chimaera, like other mycobacteria, are acid-fast, non-motile
aerobic bacilli with a waxy outer cell wall, rich in mycolic acid (51). M. abscessus and M.
chimaera are the subject NTM species of our research in chapter 4 (All trans Retinoic Acid
as a Host-Directed Therapy for Nontuberculous Mycobacteria) of this thesis. M. abscessus
was chosen because it is the most common cause of pulmonary disease due to rapidly
growing mycobacteria, and because it is associated with particularly poor clinical
outcomes and therefore represents a major clinical challenge. M. chimaera was chosen
because it is a member of the M. avium complex, which together are the most common
cause of pulmonary disease due to slow-growing mycobacteria, and because it has been

associated with iatrogenic outbreaks (57-59).

1.3.4 Transmission of Nontuberculous Mycobacteria

NTMs are sometimes called environmental mycobacteria as they are, unlike Mtb,

ubiquitous in soil and water. As such, regular exposure to NTMs is the norm: one third of
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participants in a random-household survey in Florida had a positive M. avium sensitin
skin test (60). The most ubiquitous NTM species in garden soil are also those that most
commonly cause human disease (61). Humans acquire NTM infections predominantly
through environmental exposure, via inhalation of aerosols from contaminated soil or
water sources in the cases of M. abscessus and members of the M. avium complex (such
as M. chimaera), or via percutaneous inoculation in the cases of M. marinum or M.
ulcerans. Although evidence of human-to-human transmission of NTM infections is scant
(in contrast to M. tuberculosis and M. leprae), comparative phylogenetic analysis of M.
abscessus strains between patients attending cystic fibrosis clinics is suggestive of some

human-to-human transmission in this specific situation (62,63).

latrogenic M. abscessus outbreaks have also been reported among ‘lipotourists’,
presumably resulting from contaminated surgical equipment (64). M. chimaera has been
similarly linked with iatrogenic outbreaks due to contaminated equipment — specifically
airborne transmission from heater-cooler devices used to regulate body temperature as
part of extracorporeal membrane oxygenation in patients undergoing cardiothoracic
surgery. This global outbreak has resulted in over 120 identified cases of M. chimaera
infection, with mortality rates reaching 50-60% (57,59). The propensity of both M.
chimaera and M. abscessus to be transmitted from contaminated surfaces is attributable

to their ability to form robust biofilms (51,57).

1.3.5 Risk factors for Nontuberculous Mycobacterial Infections

Risk factors for NTM infections, such as those caused by M. chimaera and M. abscessus
include immunocompromise, structural lung disease (e.g. cystic fibrosis (CF) and non-CF
bronchiectasis) or a particular exposure history (e.g. cardiothoracic surgery,

‘lipotourism’).

While pulmonary NTM infections can occur in those without apparent underlying risk
factors, disseminated infection (in the absence of an iatrogenic infection history) is a
definite sign of an underlying immune defect (65). In those with HIV, the risk of NTM

infections has sharply declined as ART has become available, is seen predominantly in
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those with a CD4 count <50 cells/mm? and is reduced by prophylactic azithromycin
(66,67). Azithromycin prophylaxis is now recommended in clinical guidelines for those
with CD4 counts <50 cells/mm? (68). Apart from HIV, inherited defects of IFNy or IL-12
and treatment with immunosuppressive therapies such as corticosteroids or TNFa

inhibitors have also been associated with NTM infections and Mtb (51,65,69).

Structural lung diseases such as CF and non-CF bronchiectasis are characterised by
defective physical immunity — impaired ciliary clearance of inhaled pathogens (69).
Routine exposure to environmental NTMs that are capable of biofilm formation can result
in airway colonisation in these patients, much in the same way that biofilm-forming
Pseudomonas aeruginosa can (51,70). One meta-analysis calculated an NTM prevalence
of 9.3% in patients with bronchiectasis (71). Not all bronchiectatic patients with sputa
culturing positive for NTM species will meet the diagnostic criteria for pulmonary NTM
infections, and some will merely be colonised without evidence of disease. One
retrospective study of 182 patients with non-CF bronchiectasis found that 68 (37%) had

NTM isolates and 55 (30%) met the diagnostic criteria for infection (58,72).

Patients with pulmonary nontuberculous mycobacterial disease are more likely to be
hyporetinolaemic than healthy controls, although there is no strong evidence to link

micronutrient deficiencies with NTM infection risk (73).

1.3.6 Clinical Aspects of Nontuberculous Mycobacterial Infections

Several factors collude to make the management of NTM infections challenging —
frequently more challenging than the treatment of tuberculosis: unlike with TB, rapid
diagnostics are not available for NTM infections; NTM species are typified by inherent
and acquired drug resistance; high bacillary burdens are cloistered within biofilms in
structurally damaged airways — at the outer reaches of the antimycobacterial
concentration gradient; NTM infections almost always occur in those with underlying
immune defects or an irreversible structural lung abnormality; and environmental re-
exposure to NTMs is inevitable. Unsurprisingly, patients with confirmed NTM infections

have a higher mortality rate than those with NTM colonisation, without NTM colonisation
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but with comparable lung disease, and compared to the general population. One study in
Korea, which captured the vast majority of the population, derived a 5-year mortality rate

of 17.8%, 2.13 times the background rate of the general population (74-76).

In addition to infecting those with non-CF bronchiectasis, 10-20% of patients with cystic
fibrosis develop NTM infections. M. abscessus is the most common cause in these
patients and is usually ineradicable despite treatment (51,77). M. abscessus pulmonary
infection is characterised radiologically by reticulonodular opacities, unilateral or bilateral
cavitation and consolidation (78). M. abscessus colonisation and infection are also
considered strong relative contraindications for lung transplant in patients with cystic
fibrosis, as it can result in dissemination with post-transplant immunosuppression,
though transplants have been successful in some cases (79—-81). In addition to the
aforementioned, iatrogenic soft tissue infections in ‘lipotourists’, M. abscessus can also
cause skin and soft tissues infections and even osteomyelitis in immunocompetent hosts
following penetrating trauma (82). Disseminated M. abscessus infections are unusual but
have resulted from prosthetic valve endocarditis and immunosuppression secondary to
IFNy auto-antibodies, corticosteroid use and the use of immunosuppressants following
solid organ transplant. HIV is notably absent as a predisposing factor for disseminated M.
abscessus infections, in contrast to the risk HIV confers for disseminated slow-growing

mycobacterial infections (82,83).

M. chimaera pulmonary infection is also characterised by cavitations and necrotising
pneumonia and treatment is as for other MAC species (57,59,84). Disseminated M.
chimaera infection has occurred following iatrogenic transmission associated with
cardiothoracic surgery. The latent period between exposure and symptom onset is 21
months, with a range of up to 5 years (85). Manifestations have included M. chimaera
prosthetic valve endocarditis, sternotomy wound infection, mediastinitis, vascular graft
infection, mycobacteraemia, septic arthritis, osteomyelitis, bone marrow infection,
pulmonary septic emboli, chorioretinitis and encephalitis (57,59,84,86—88). Mortality in
these outbreak cases is estimated at 50-60% (85). In patients with HIV, disseminated MAC
infections usually follow intestinal colonisation and infection, but the lungs can also be
the port of entry. Unlike M. avium and M. intracellulare, M. chimaera has yet to be

reported as a cause of disseminated infection in patients with HIV, although it has been
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described in a haematology patient (89,90). Sequencing techniques are needed to
distinguish M. chimaera from other MAC species, so the true proportion of disseminated

MAC in HIV patients that are caused by M. chimaera is unknown.

1.3.7 Treatment of Nontuberculous Mycobacterial Infections

In light of the fact that both contamination and colonisation can occur, the joint
Infectious Diseases Society of America and American Thoracic Society guidelines
recommend treatment only when diagnostic criteria for pulmonary NTM disease are met.
Those diagnostic criteria include symptoms consistent with pulmonary NTM disease,
radiologically characteristic findings of pulmonary NTM disease and two microbiologically
positive sputum samples (or one bronchoscopic sample) (58). In disseminated infections,
when NTM species are grown in normally sterile sites such as blood or bone marrow,

there is no such ambiguity and treatment is universally recommended.

Pulmonary M. abscessus infections are treated with an intensive phase which includes
three or four active agents selected by in vitro susceptibility testing, followed by a
continuation phase containing two or three agents. The optimal duration of M. abscessus
treatment is not well evidenced, but most patients are treated initially for over a year.
Agents used include parenteral amikacin, imipenem and tigecycline, in addition to oral
macrolides, fluoroquinolones, linezolid and clofazimine. M. abscessus is inherently
resistant to both rifampicin and ethambutol. The presence of a functional erm gene
confers inducible macrolide resistance in M. abscessus, or alternatively, mutational
macrolide resistance can occur. Macrolide resistance is a strong predictor of poor
treatment outcomes, with only 8% of macrolide-resistant cases achieving culture
conversion in one study. Given the low probability of sustained culture conversion with
current therapies, some experts recommend repeated, shorter, intense courses of
therapy for select patients. In clinical trials, good treatment outcomes were observed in
only 23% of patients with pulmonary infections due to M. abscessus subsp. abscessus,
highlighting the enormous clinical need for new treatment strategies (58). Disseminated

M. abscessus infections are exceptionally rare, are usually associated with

44



immunosuppression (although they are not reported with HIV) and often have poor
outcomes (82,91). One case report describes a post-transplant cystic fibrosis patient who
developed a treatment-refractory, disseminated M. abscessus infection that resolved

following an experimental bacteriophage treatment (81).

Pulmonary M. chimaera infections are diagnosed with the same criteria as pulmonary M.
abscessus infections and are treated the same as other members of the M. avium
complex. Choice of therapy is guided by susceptibility testing and consists of at least
three drugs. Macrolides (azithromycin, in particular) are recommended for inclusion if
susceptibility testing supports their use, as they improve treatment outcomes. As for M.
abscessus, macrolide resistance can result from mutations of the 23S rRNA (rrl) gene.
Other first-line therapies for pulmonary MAC infections are ethambutol, rifampicin and
intravenous amikacin (in particular as a fourth agent if cavities or severe bronchiectasis
are present). The standard treatment duration is 12 months after culture conversion (58).
Disseminated MAC infections in HIV patients are treated similarly, with the additional
recommendation of secondary prophylaxis following treatment completion until the CD4
count is greater than 100 cells/mm3 for at least 6 months. Drug interactions with
antiretroviral therapy complicate management in such patients (92). Disseminated M.
chimaera infections following cardiothoracic surgery are distinguished from disseminated
MAC infections in the immunosuppressed by the importance of surgical debridement and
removal of contaminated prosthetic material — inability to achieve source control
necessitates treatment beyond 12 months. These patients also are distinguished by their
poor outcomes, with mortality approaching 60% (93,94). Surgery is also advised as an
adjunct to medical therapy for select patients with pu/monary NTM infections, such as

those failing medical management due to drug resistance (58).

1.3.8 Host-Directed Therapies for Nontuberculous Mycobacterial Infectious

In short, NTM infections caused by rapid-growing species such as M. abscessus and slow-
growing species such as M. chimaera have rising incidence, necessitate long and

complicated treatment courses with relatively intolerable drugs, frequently have inherent
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or acquired drug resistance, are often uneradicable despite treatment, relapse frequently
and have poor treatment outcomes. Innovation in NTM infection management is

desperately needed.

The experimental phage therapy mentioned above is an example of a pathogen-directed
therapeutic innovation (95). Other innovators have targeted the host and aim to improve
bacillary killing by augmenting host immune functions. One example of a host-directed
therapy (HDT) tried in NTM infections is inhaled nitric oxide (96). Clinical guidelines also
lend support to this concept in recommending macrolides for pulmonary NTM infections
even in the presence of macrolide resistance — macrolides have an immunomodulatory
effect, reducing neutrophil numbers and function and the resulting tissue damage
(58,97). While many pathways have been proposed as targets for HDTs in NTM infections,

the concept is more fully developed, and more data exist for TB (98).

1.3.9 Host-Directed Therapies for TB

Despite an estimated one quarter of the world’s population having LTBI, only 10.6 million
people had active TB infections in 2021 (4). Thus, the host immune system is capable of
successfully controlling the infection in the majority of those infected and it should not be
underestimated. The concept of HDTs describes therapeutic strategies that target host
immune responses to augment beneficial features of fighting the bacteria and reduce
harmful effects of tissue damage (50). The most attractive features of this treatment
strategy are the lower potential of developing drug resistance by Mtb, the possibility to
use a HDT as a vaccine adjuvant or as a prophylactic for close contacts, and HDT’s
potential to improve the overall pathology of TB disease by limiting excessive

inflammation.

Additionally, the repurposing of licensed medications as HDTs is considered as a faster
approach for market access and lowering industrial development-related costs (99,100).
In parallel with the interest in drug repurposing and HDT, there has been great interest in
new drug delivery approaches to facilitate drug targeting to the site of primary Mtb

infection in the lungs and alveolar macrophages (101-103). A new chemical entity (NCE)
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can take up to 20 years to gain market authorisation under the current regulations. There
has been a renewed focus on the benefits of drug repurposing as part of the global
efforts to tackle COVID-19. The repurposing of approved drugs could be an answer to

reduce the long drug development timelines that the TB community cannot afford.

Potential HDTs for Mtb infection include a broad range of compounds targeting a number
of pathways including but not limited to; autophagy inducers such as rapamycin and the
antihyperglycemic agent metformin (104-107), metabolic regulators such as the lipid-
lowering statins (108), cytokine modulators (109), corticosteroids (110) and protein
kinase inhibitors such as Imatinib (111). Clinical practice guidelines recommend multi-
drug combination regimens to effectively treat TB, reduce the risk of relapse and reduce
the development of resistance (49). Therefore, any new HDT formulation could be

considered as an adjunctive treatment to the current regimens.

The host immune response to Mtb infection is very complex and many host functions
that are important in the early stages are considered detrimental at later stages (112).
Genetic variation is also an important factor to be considered in the era of personalised
medicine. These variations in host immunity may significantly impact the response to HDT
to a greater extent than classical antimicrobials (113,114). Thus, it is important to have a
comprehensive understanding of the mechanisms of action of HDTs and their interaction
with the host immune system in order to properly implement them in the current

treatment regimens and prevent any underestimation of their clinical effects.

1.3.10 ATRA as a Promising Host-Directed Therapy for TB

All trans retinoic acid (ATRA), known as tretinoin, is the active metabolite of vitamin A.
Tretinoin is currently used as treatment for acne and acute promyelocytic leukaemia
(APL) (115). Our laboratory has previously reported that human alveolar macrophages
display ALDH1a activity and produce ATRA and this induces FoxP3* regulatory T-cells that
suppress inflammation and thus reduce unwanted tissue damage caused by the immune
system (116). Three vitamin A metabolites; ATRA, 13-cis retinoic acid and retinyl acetate

resulted in dose-dependent inhibition of the growth of several mycobacterium species in
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vitro. ATRA and 13-cis retinoic acid were the most effective against Mtb (117). One of the
earliest reports of the role of retinoic acid in TB was in 1989 and showed that RA was
bacteriostatic against Mtb in human MDMs if added before infection at physiologic

concentration or at pharmacological concentrations after infection (118).

Retinoids regulate gene transcription, which is mediated by binding to the retinoic acid
receptor (RAR) and retinoid X receptor (RXR) (119). Each family of these receptors is
associated with three subtypes (alpha, beta, gamma), and each one of them can present
in several isoforms (120). Human RARs can be activated by the ligands all-trans RA, 9-cis
RA, 13-cis RA, etretinate and acitretin, while the ligands for human RXRs are only 9-cis RA
and bexarotene (119). RXRs can form homodimers or heterodimers with RAR, and other
receptors such as vitamin D receptor (VDR), bile acids Farnesoid X Receptor (FXR) and
fatty acids peroxisomal proliferator-activated receptors (PPAR) (121). Therefore, several
signalling pathways can be activated. The RAR/RXR heterodimer is mainly responsible for
the biological activity of RA, and it is believed that most of the RA effects are mediated by
this receptor dimer (122). The RXR-RAR heterodimers bind to certain retinoic acid-
responsive elements (RAREs) located in target gene promoters and regulate gene
expression (123-125). In addition to the genomic mechanisms, non-genomic mechanisms
of RA have been discussed. Studies have reported that RA can activate ERK1/2 kinases
(126—128) which may have a role in cytoskeletal rearrangement and neurite outgrowth
(129). Also, retinoylation (RA acylation) — a post-translational alteration of proteins by

eukaryotic cells (120) which may have a role in cell differentiation (130).

Laboratories, including our own, have demonstrated that exogenous ATRA improves the
ability of human monocyte-derived macrophages (MDMs) and alveolar macrophages
(AMs) to kill Mtb in vitro (131,132) and in vivo (133). We and others have also shown that
exogenous ATRA reduces bacillary burdens and pathology in animal models of TB

infection (134-137) (Table 1.1).

48



1.3.11 ATRA Mechanisms of Action

A recent paper used Mtb CRISPR interference screening in a human macrophage infection
model to identify the Mtb genes required to survive in ATRA-treated macrophages (138).
It showed that ATRA treatment starves Mtb of cholesterol and its downstream
metabolite propionyl coenzyme A. ATRA did this in part by upregulating macrophage
expression of ABCA1 and ABCG1, two cholesterol efflux pumps that have previously been
shown to be upregulated in human MDMs by ATRA (138,139). Another cholesterol
transporter, NPC2, has also previously been shown to be relevant to ATRA's ability to kill
Mtb (132). ATRA’s other mechanisms of action include improved phagosome-lysosome
fusion (131,140), a reduction of intracellular iron (141), improved cytokine responses
(134,137), depletion of myeloid-derived suppressor cells (136), increased CD4+ and CD8+
T cell counts, (137), I1gA switching by B cells (142) and improved antigen-presentation by
macrophages and DCs (143) (Figure 1.2).

Initiation of glycolytic metabolism by human macrophages is crucial for them to
effectively respond to infection with Mtb (38). The switch to glycolytic metabolism during
infection allows for more rapid ATP generation and for the production of biosynthetic
intermediates which allow the macrophage to better carry out its effector functions (37).
Interfering with the glycolytic response of macrophages being infected with Mtb results
in impaired cytokine responses and higher Mtb growth (28,38,39). Data exist linking
exogenous ATRA with glycolytic responses to lipopolysaccharide (LPS) stimulation (144),
but none exist to indicate whether exogenous ATRA or indeed endogenously produced
ATRA signalling is a relevant factor in macrophage metabolic responses to Mtb infection
(144). The effect of exogenous ATRA on macrophage metabolic responses to NTM
infection is explored in chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for
Nontuberculous Mycobacteria). The impact of endogenously produced ATRA on
macrophage metabolic responses to Mtb infection is investigated in chapter 3

(Endogenous Macrophage ATRA Production and Mycobacterium tuberculosis).
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with subunit vaccine

Increased IFNy, IL-17

Limited later inflammation

Author ATRA Dose Mycobacterial Cell Type Findings Ref
(Route) Strain Used or Animal
Coleman et al. ATRA 5 x10°M H37Ra Murine BMDM Promotion of autophagy (131)
BCG Human MDM Reduced Mtb burden
Crowle et al. ATRA 1x10°M Mtb Erdman Human MDM Reduced Mtb burden (118)
(ATCC 35801)
Wheelwright et al. ATRA 1x108M H37Ra Human monocytes Reduced intracellular cholesterol (132)
H37Rv Human MDM Reduced Mtb burden
Babunovic et al. ATRA 1,10 x10°M H37Rv Murine BMDM, Reduced intracellular cholesterol (138)
THP-1, Human MDM Reduced Mtb burden
Estrella et al. ATRA 1 x10° M with H37Ra THP-1 Increased antigen presentation (145)
§ vitamin D3 H37Rv Promotion of autophagy
= Increased ROS production
Reduced Mtb burden
Anand et al. ATRA 0.5 x10¢ M with H37Rv THP-1 Promotion of autophagy (140)
chenodeoxycholic Reduced Mtb burden
acid
Abd-Nikfargam et al. 13-cis-RA H37Ra U937 Increased antigen presentation (143)
500-2000 x10¢M Increased NO production
Reduced Mtb burden
O’Connor et al. ATRA 17 x10¢M H37Ra THP-1 Reduced IL-10 (134)
Reduced Mtb burden
O’Connor et al. ATRA 2.5mg/kg H37Rv BALB/c mice Reduced pathology (134)
(intratracheal) Reduced Mtb burden
Yamada et al. ATRA 1g/kg H37Rv LEW/CrICrlj rats Reduced pathology (137)
(oral) Reduced Mtb burden
Increased CD4, CD8 T cells
Increased TNFa, IL-1B
Mourik et al. ATRA 2mg/kg H37Rv BALB/c mice Reduced Mtb burden (135)
(subcutaneous) Reduced relapse
S with vitamin D; and Increased CD8 T cells, Reduced
é o-Galactosylceramide MDSCs
Increased TNFa
Knaul et al. ATRA 5mg pellet H37Rv C57BL/6 mice Reduced MDSCs (136)
(subcutaneous) BCG 12952 mice Reduced Mtb burden
Increased CD4, CD8 T cells
Riccomi et al. ATRA 300pg H37Rv CB6F1 mice Increased CD4 T cells (146)
(oral) BCG Increased mucosal IgA

Table 1.1: In vitro and in vivo studies of ATRA as a HDT against Mtb.
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Figure 1.2: ATRA’s mechanisms of action as a HDT against Mtb. (A) Mtb is phagocytosed by
macrophages and contained in phagosomes but survives by utilising host-derived cholesterol and
iron for its metabolism and inhibiting fusion with lysosomes. (B) ATRA increases macrophage
expression of a key pro-autophagy protein, Beclin-1. ATRA also reduces the expression of
tryptophan—aspartate-containing coat protein (TACO) and IL-10 and increases the expression of
cytokines IL-16 and TNF a. These factors enable phagolysosomal maturation. (C) ATRA upregulates
macrophage expression of multiple cholesterol efflux pumps, such as NPC2, ABCA1 and ABCG1.
NPC2 shuttles cholesterol from lysosomes to the endoplasmic reticulum, increasing lysosomal
acidity. (D) ABCA1 and ABCG1 reduce intracytoplasmic and intraphagosomal cholesterol
concentrations. This starves Mtb of its fuel source, reducing its ability to synthesise ATP. (E) ATRA
reduces macrophage intracellular iron concentrations, reducing the availability of a key Mtb
nutrient, and increases cellular NOS production. (F) ATRA increases macrophage HLA-DR
expression, increasing their ability to present Mtb antigens to T helper cells. (G) ATRA induces
maturation and functional depletion of regulatory MDSCs. (H) ATRA increases dendritic cell
expression of DC-SIGN, augmenting their antigen-presentation ability. (I) ATRA leads to isotype
switching of IgA antibodies in B cells. (J) ATRA increases the counts of CD4+ and CD8+ T cells in

vivo and regulates CD4+ polarisation.

1.3.12 Clinical Trials of Vitamin A for TB

No human clinical trials evaluating ATRA as a TB HDT have been undertaken. Only one

relevant case report has been published, which describes a patient prescribed ATRA for

acute promyelocytic leukaemia in addition to Mtb therapy, and who developed

hypercalcemia as a possible adverse effect of ATRA (147). However, many trials
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evaluating a range of oral doses of retinol supplementation (typically 5,000 IU daily or
200,000 IU as a single dose) as esters as an adjunct to TB therapy have taken place. These
trials in Mexico (148), Nigeria (149), Indonesia (150,151), South Africa (152,153), Malawi
(154), China (155) and India (156) have included both adult and paediatric (HIV-
seropositive and HIV-seronegative) patients. While some trials have indicated a trend
towards earlier sputum conversion in the retinol-supplemented group (148-152), a 2016
meta-analysis found that overall, oral retinol supplementation did not significantly affect
sputum positivity at 2 weeks, 1 month or 2 months. No significant difference in mortality
was found (157). No trials of retinol or ATRA prescribed for the prevention of active TB in

contacts, LTBI, or other high-risk groups have been undertaken.

1.3.13 Why Clinical Trials Have Failed

Both retinol and ATRA enhance the Mtb-killing ability of human macrophages in vitro
(116,118,158-161) and are suggested to hold promise as a HDT for Mtb (50). There are
several possible explanations for why retinol has failed to improve outcomes in clinical

trials of Mtb infection (Figure 1.3):

e Absorption of oral retinol supplementation is negatively correlated with fever
(162) and requires a diet containing lipids.

e Baseline liver vitamin A reserves of TB patients may be severely depleted by the
subacute Mtb infection itself, the associated anorexia, other infections and
malnutrition (163). This is supported by the low baseline retinol levels, low body
mass index and the lack of difference in retinol trajectory between intervention
and placebo arms observed in many of the trials (148—155).

e Infection and fever are strongly associated with urinary retinol excretion
(164,165). This may counteract supplementation efforts.

e |tis possible that, in practice, active TB patients present at too late a stage and
that retinol would be most effective at enhancing the early clearance of the

bacillus.
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e The serum carrier proteins that transport retinol to its sites of action, RBP4 and
TTR, are both significantly reduced in TB patients (166,167). RBP4 is a negative
acute phase reactant that declines with inflammation (168,169). Baseline C-
Reactive Protein (CRP) and Erythrocyte Sedimentation Rate (ESR) were elevated
among trial patients (149-152,155).

e Rifampicin is a potent CYP450 enzyme-inducer. As has been shown for other
CYP450-inducers, rifampicin may significantly increase the clearance of ATRA and
thereby reduce retinol’s effectiveness (170,171).

e Inflammation downregulates murine intestinal macrophage expression of ALDH
enzymes which are required for the production of ATRA from retinol (172). In
addition, ALDH1a2 and DHRS9 expression are reduced in human TB granulomata
(173). The macrophages of TB patients may not be capable of effectively
producing ATRA from retinol.

e ATRA is promising as a TB HDT as it both enhances autophagy and contributes to
immune regulation, reducing unwanted tissue damage. Nevertheless, specific
HDTs may be effective only in patients with specific TB phenotypes or endotypes
(174,175).

Two compatible strategies might sidestep several of these obstacles. The first is to use
ATRA rather than retinol as an adjunct to TB-therapy. This would remove the need for
retinol absorption, storage, mobilisation and the intracellular oxidation of retinol to
ATRA. The second is to target the lung with ATRA directly rather than systemically by
using an inhaled formulation. This could increase the concentrations of ATRA at the site
of interest while reducing systemic effects. Randomised controlled trials of ATRA as an
adjunct to TB therapy could first be undertaken in patients with extensively drug-

resistant TB failing therapy (Figure 1.3).

53



3.
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Figure 1.3 (legend below)
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Figure 1.3: ATRA has pleiotropic effects that protect the host against Mtb (lower-right box). These
include: the co-localisation of Mtb with autophagic vesicles and the promotion of phagolysosomal
maturation through a reduction in the expression of TACO and a reduction in IL-10; a reduction in
the cellular expression of transferrin receptors, reducing the supply of a vital nutrient of Mtb —
iron; the efflux of another Mtb nutrient, cholesterol, and the acidification of lysosomes via
increased NPC2 expression; a functional depletion of MDSCs and improvement of the homing
capacity of B and T cells; and the augmentation of innate immune signalling, characterised by an
increase in HLA-DR, CD14, DC-SIGN and pro-inflammatory cytokine secretion. There are many
necessary steps that dietary vitamin A must undertake in order to exert these host-protective
effects (upper-left box). First, supplemented retinoids must be absorbed by enterocytes, secreted
in chylomicrons via the lymphatics into circulation and endocytosed by the liver for processing and
storage. Retinol must then be secreted with its carrier proteins into circulation and delivered to its
target tissues. Once intracellular, retinol must be converted to its active metabolites in a two-step
oxidation reaction before it can be transported to its nuclear receptors. However, TB patients
present many obstacles to these steps (upper-right box). For example, retinoid absorption can be
reduced by fever, anorexia, or a lipid-poor diet. Retinol’s circulatory carrier proteins (RBP4 and
TTR) are negative acute-phase proteins that are suppressed in TB patients. Retinol is excreted
from the circulation in urine during fever and infection. The macrophages of TB patients may not
be capable of producing ATRA from retinol, and anti-tuberculous medications may increase the
degradation of ATRA that is locally produced. Many of these obstacles might be bypassed by using
inhaled exogenous ATRA as a HDT.

In summary, there is already strong support for the use of ATRA as a HDT in TB. While
there has been no research to date examining the use of ATRA in NTM infections, there is
good reason to think that it could be effective, especially for slow-growing NTM species.
There is an enormous clinical need for innovations in NTM management. There is a
research need to understand if ATRA is an effective HDT for NTMs in vitro and if so, for
which species and by what mechanisms. This question is addressed in chapter 4 (All trans
Retinoic Acid as a Host-Directed Therapy for Nontuberculous Mycobacteria) of this thesis.
Chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium tuberculosis)

examines the endogenous production of vitamin A in Mtb infection.
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1.5 Vitamin A Deficiency and Defects in Host Responses to Infection

1.5.1 Epidemiology of Vitamin A Deficiency

Vitamin A cannot be synthesised de novo in the body and must be obtained from diet
(176). In developed, high-resource settings such as Europe, dietary surveys indicate that
few children or adults have a vitamin A intake lower than what is recommended (900 mcg
for adult men and 700 mcg for adult women) (177). Unsurprisingly, the sequelae of
vitamin A deficiency (VAD), which are rarely seen in these settings, are usually the result
of restrictive diets or malabsorption and are the subject of case reports (178,179). It is
estimated that 1.1% of all global mortality, and 1 in 5 deaths from diarrheal iliness are
attributable to VAD (180). Likewise, 1.5% of global disability adjusted life years have been
attributed to VAD. VAD causes xerophthalmia and is the leading cause of acquired
blindness in children. Night-blindness affects 2% of African and 0.5% of South East Asian
children (180-182).

Vitamin A has a central role in development, growth, cell proliferation, epithelial integrity
and immunity (183). High-risk populations are those in low-resource settings where crop
yields and infrastructure are poor, where diets are low in fat and where populations
depend on rice, which lacks carotenoids. Within these populations, young children
following weaning and pregnant women are at particularly high risk, given their increased
requirements (180,182). Consequently, high-dose vitamin A supplementation is
recommended by the World Health Organization for all children aged 6-59 months and
pregnant women in settings where vitamin A deficiency is prevalent (184,185). In fact,
meta-analyses evaluating the efficacy of vitamin A supplementation in these children
have estimated a relative risk reduction in all-cause mortality of about one quarter
(186,187). Vitamin A supplementation is also recommended in the treatment of severe

acute malnutrition, as it reduces mortality (188).
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1.5.2 Vitamin A Deficiency in Infectious Diseases

Plasma retinol levels are lower in patients with infectious disease than in other disease
types (189). Whether this is a cause or an effect of infection (or more likely both) is
difficult to unpick. As discussed, supplementation has successfully reduced infection-
related mortality in certain populations, which supports the hypothesis that VAD results
in immune dysfunction and infection (186,187). However, inflammation also reduces
plasma retinol and retinol binding protein-4 (RBP4) levels (168,169). Retinol is excreted in
the urine of patients with infections (164,165) and certain infections, giardiasis or
ascariasis for example, might reduce intestinal absorption of vitamin A (190,191). Also, in
the absence of inflammation, low circulating retinol levels only reflect liver vitamin A
stores when they are severely depleted, making their levels’ interpretation more difficult

(168).

Notwithstanding, hyporetinolaemia and VAD have been associated with many types of
infections: a large, prospective, longitudinal cohort study of Colombian children found
significant relationships between plasma retinol levels and reductions in the risks of
gastroenteritis, respiratory tract infections, otitis and need for medical attention (192).
VAD is associated with an increased severity of measles infection (193). A Cochrane
systematic review found that two doses of vitamin A significantly reduced the mortality
of young children with measles (193,194). Hyporetinolaemia was not associated with
progression of HIV infection in the 1990s, but is an independent predictor of non-
response to interferon therapy for Hepatitis C virus infection, unlike vitamin D (195,196).
Giardiasis, ascariasis, or infection with any soil-transmitted helminth have repeatedly
been found to be associated with VAD (190,191,197). While retinol supplementation
supports host anti-helminthic cytokine responses in children with Ascaris infections,
routine supplementation following deworming does not appear to reduce reinfection
rates or intensity in endemic settings (198,199). Oh et al., report that VAD was
significantly more prevalent in patients with pulmonary nontuberculous mycobacterial

disease than healthy controls (73) .
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1.5.3 Vitamin A Deficiency in Active Tuberculosis

Many case-control studies have found an association between TB and low retinol levels
or VAD. These studies have a wide geographic spread, and were undertaken in South
Korea (200), Ethiopia (201), India (202), Tanzania (203) and South Africa (204). While our
understanding of vitamin A’s immunological role and promising in vitro results suggest a
direction of causality, the systemic inflammatory responses of TB patients complicate the
interpretation of these case-control studies as providing strong evidence for VAD causing
TB-risk. However, two important prospective cohort studies following high-risk groups
over time lend strong support to the theory that hyporetinolaemia is a risk factor for
active TB. Aibana et al., followed 6751 HIV-negative household contacts (HHCs) of TB
cases in Peru for one year. Even after adjusting for many confounders, the authors found
that HHCs with baseline VAD had more than a 10-fold increased risk of developing TB, or
20-fold for those aged between 10 and 19 years. Notably, there was a stepwise increase
in TB risk with each vitamin A quartile, even for contacts who were not deficient (205). In
addition, Tenforde and colleagues followed HIV positive patients starting antiretroviral
therapy (ART) in nine countries. When comparing those who developed active TB within
96 weeks, and after adjusting for confounders, pre-ART VAD was associated with a 5.3
hazard ratio of developing active TB. This risk remained significant even after adjusting
for Vitamin D status (206). Two studies have investigated the association of vitamin A
deficiency and severity of TB diseases. In Indonesia, a cross sectional study of 300 smear
positive TB patients, found VAD in 64% of patients with severe disease but only 37% of
patients with mild disease (207). However, in Morocco, Qrafli et al., examined 44 smear
positive TB cases and did not find an association between plasma retinol and TB disease
severity (208). As noted before, vitamin A has a central role in development, growth, cell
proliferation, epithelial integrity and immunity (183). Among the many physiological
effects of VAD, those on epithelial integrity and cellular immune function are most
relevant to Mtb pathogenesis and perhaps best explain the increased risk of TB observed

in those with VAD (183).
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In summary, multiple lines of evidence suggest that infection is associated with
hyporetinolaemia and that, reciprocally, VAD is associated with an increased risk of
several infections affecting the respiratory or gastrointestinal mucosa in children, and an
increased risk of developing active tuberculosis in adults. Randomised controlled trials
that intervene to correct VAD and measure the incidence of active TB are needed to
determine if VAD is causally associated with TB and if correction of VAD is a clinically
effective prophylactic strategy for TB. These trials could focus on high-risk groups with
VAD such as patients starting antiretroviral therapy for HIV, as studied by Tenforde et al.
(206), or household contacts of TB cases, as studied by Aibana et al. (205). Indeed,
supplementation of vitamin A should be trialled irrespective of vitamin A levels or
deficiency status, given the inverse correlation between baseline serum retinol level and

risk of active TB even among contacts who are vitamin A ‘sufficient’.

1.5.4 Vitamin A Absorption and Storage

Dietary vitamin A takes the forms of preformed retinoids, retinol or retinyl esters, found
in animal food sources and pro-retinoid carotenoids, such as B-carotene found in plant
food sources. Vitamin A absorption is negatively correlated with fever (162). Retinyl
esters are converted to retinol in the intestinal lumen and carotenoids are converted to
retinol in enterocytes. Retinol is then esterified in the enterocyte by lecithin retinol
acyltransferase (LRAT) and secreted in chylomicrons into circulation via the lymphatic
system — a process important to host defence in a murine model of TB infection (209-
212). Hepatocytes endocytose circulating chylomicron remnants. Retinol-binding protein
4 (RBP4) is synthesised in hepatocytes and binds to retinol in the endoplasmic reticulum,
at which point retinol-RBP4 is either shipped to stellate cells for storage or secreted into
circulation for transport to target tissues (211). Almost all of the body’s total retinoid is

stored in hepatic stellate cells in retinyl ester form (209,210).
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1.5.5 Vitamin A Transport

There are several pathways through which retinol is delivered to target tissues, including
as dietary retinoids in chylomicrons (before liver processing) or as liver-secreted retinyl
esters bound to VLDL (209,213). However, nearly all of circulating retinoids are in the
form of retinol bound to Retinol Binding Protein 4 (RBP4) and a second protein,
transthyretin (TTR) in a 1:1 ratio (209,210). RBP4 is a 21kDa lipocalin protein that
chaperones hydrophobic retinol in the circulation (214,215) (Figure 1.4). RBP4 is required
for deployment of liver retinoid stores, and retinol is required for the secretion of RBP4
from hepatocytes (209). Low circulating RBP4 levels can indicate VAD, however only after
liver stores are depleted (210). RBP4 mutations are associated with visual defects,
obesity, cardiovascular disease and hypertriglyceridemia (213). RBP4 is a negative acute
phase response protein that is downregulated in inflammation, such as in the
postoperative period (169). Retinol and RBP4 were inversely correlated with CRP in
Cameroonian women and children, but positively correlated with haemoglobin (216). This
complicates the interpretation of retinol or RBP4 levels as indicators of vitamin A
sufficiency or deficiency in inflammatory states. Unsurprisingly, RBP4 levels are lower in
TB patients (166). A recent proteomic study by Jarsberg et al., found that in African
patients, TTR levels improved faster with TB treatment than RBP4, which depends on liver
retinoid stores for its secretion. This suggests that vitamin A deficiency, and not just the
inflammatory response, causes low RBP4 in this group of TB patients (217). In the
inflammatory state, another retinol-binding protein may take over the function of RBP4:
Serum amyloid A (SAA) was shown to be responsible for transport of retinol to myeloid
cells during bacterial infection (218,219). SAA delivers retinol to RA-producing intestinal

myeloid cells, where it binds to the transmembrane receptor LRP1 (220).

Another, unexplored factor that may reduce retinol-RBP4 levels in TB patients is urinary
excretion. While only trace amounts are excreted in healthy adults and children,
substantial quantities are excreted in patients with fever, pneumonia, sepsis and rotaviral
diarrhea (164,165). RBP4 levels are also correlated with obesity, hepatic steatosis,

triglyceride levels and VLDL-cholesterol levels. In obese patients undergoing bariatric

60



surgery, weight loss was independently associated with a reduction in RBP4 (221-223).
While weight loss is emblematic of TB disease, and it is tempting to hypothesise that TB-
induced weight loss is another factor reducing circulating retinol-RBP4, these cohorts are

quite distinct.

Transthyretin (TTR) is a 55kDa protein that prevents renal excretion of retinol-RBP4 by
binding the complex in circulation (213,214). Interestingly, TTR also serves as a
transporter of thyroxine and tri-iodothyronine. Like RBP4, TTR is a negative acute phase
protein that is suppressed in inflammatory states. Agranoff et al., analysed the serum of
179 culture-confirmed TB cases and 170 controls with other inflammatory or infectious
conditions. They found that TTR was one of the most discriminatory proteins between

cases and controls (167).

1.5.6 Vitamin A Cell Entry

TTR needs to dissociate with the retinol-RBP4 complex before the retinol-RBP4 complex
can associate with its cell surface receptor (STRA6). STRA6 binds RBP4, and facilitates the
transmembrane channelling of retinol to an intracellular acceptor, the cellular retinol
binding protein (CRBP) (211,213). Retinol-RBP4 also phosphorylates STRAG, triggering a
signalling cascade that ends in STAT3 and STATS5 activation and SOCS3 signalling (Figure
1.4). This retinol-RBP ‘sensing’ is thought to underlie the known link between vitamin A
homeostasis and insulin resistance, and represents an effector pathway of vitamin A in
addition to those mediated by retinal and retinoic acid (224,225). However, most cellular
uptake of retinol from the retinol-RBP4-TTR complex is not through STRA6, and retinol is
thought to diffuse freely across the cell membrane (225). In fact, while retinol has
beneficial anti-TB effects in human monocyte-derived macrophages (MDM), they do not
express STRA6 (104,226). As STRA6 is not necessary for cellular entry of retinol, its

primary function is thought to be that of ‘sensing’ and signalling (225).
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1.5.7 Enzymes Involved in Vitamin A Metabolism

While retinol itself is inert, its metabolite retinal is essential for vision and its metabolite
retinoic acid exerts many effects by activating nuclear receptors in its target cells. These
active metabolites are manufactured in situ in target cells from retinol, or alternatively
retinoic acid diffuses from neighbouring cells. Retinoic acid has three isoforms: all-trans
retinoic acid (ATRA), 9-cis RA and 13-cis RA, with ATRA being the most abundant and
active isoform (227). These metabolites are produced in a two-step oxidation reaction in
the target tissues. Firstly, retinol is reversibly oxidised to retinal by the widely expressed
alcohol dehydrogenases (ADH), and short-chain dehydrogenase/reductases (SDR) when
retinol is protein-bound (228). Secondly, members of the aldehyde dehydrogenase
(ALDH) family irreversibly oxidise retinal to ATRA or its isomers. These include ALDH1a1,
ALDH1a2 and ALDH1a3 (Figure 1.4). While oxidation of retinol to retinal is not tissue
restricted, the tissue-specific expression of the ALDH1a enzymes determines which

tissues are capable of producing vitamin A’s active metabolites (229-231).

There is some evidence suggesting that human macrophages express these enzymes and
are capable of producing ATRA. DHRS9, an SDR, is highly expressed in regulatory
macrophages that suppress T cell proliferation, and reduced in interferon gamma-
stimulated macrophages (232). In keeping with this, the expression of DHRS9 and
ALDH1a2 were significantly lower in caseous TB lung tissue than in unaffected tissue,
although the cells expressing these enzymes were not identified (173). In a rabbit model
of TB infection, ALDH1a2 was significantly reduced in lung tissue following infection (173).
Similarly, mice infected with Trichuris muris had reduced ALDH activity in their intestinal
macrophages (233). ALDH1a2 expression was detected in alternatively activated
macrophages in murine liver during Schistosoma mansoni infection and IL-4 also induced
its expression in peritoneal macrophages in vivo and in bone marrow derived
macrophages (BMDM) in vitro (234). Niu et al. reported that resting murine BMDM do
not express ALDH1a1, ALDH1a2 or ALDH1a3 but rather synthesise ATRA using the enzyme
ALDH3b1 (235). Human intestinal macrophages express ALDH1al and ALDH1a2, but not

ALDH1a3 (236,237). ALDH1a activity was detected in human alveolar macrophages using
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a low-specificity Aldefluor assay (116). Overall, there is a paucity of data identifying which

vitamin A-metabolising enzymes are expressed in the human macrophage populations.

Blocking the oxidation of retinol to ATRA in human macrophages with the ALDH inhibitor
N,N-diethylaminobenzaldehyde (DEAB) undermines their ability to kill Mtb (104).
Enhancing the cellular production of ATRA in human macrophages by increasing the
expression of these enzymes may benefit the host response to Mtb, acting as a host-
directed therapy (HDT). ALDH1a-family enzyme induction by IL-4, GM-CSF and PPAR-y
agonists has been observed in human monocyte-derived dendritic cells (DCs)
(173,238,239). This approach may be constrained by a negative feedback inhibition of
ATRA on ALDH1a1l expression (240).

1.5.8 Carrier Proteins

Intracellular retinoid-binding proteins chaperone the hydrophobic retinoids in the
cytosol. Cellular Retinol-Binding Proteins (CRBP) bind retinol and retinal. Cellular Retinoic
Acid-Binding Proteins, ubiquitous CRABP1 and more selectively-expressed CRABP2, bind
ATRA (121). CRABP2 is expressed in human MDMs (241). It has been suggested that the
expression of these carrier proteins, and not the oxidation enzymes, is the rate-limiting
step in the production of ATRA (235). In addition, there is evidence to suggest that the
relative expression of CRABP1, CRABP2 and fatty acid binding protein 5 (FABP5) may
determine the fate of ATRA — whether it is degraded and which nuclear receptors are
activated. In summary, CRABP1 may target ATRA for degradation by cytochrome P450
enzymes, CRABP2 delivers ATRA to the retinoic acid receptor (RAR) nuclear receptor and
FABPS delivers ATRA to the PPAR &6/B nuclear receptor (242—244). PPAR-y agonists
increase CRABP2 expression, and thus may increase the protective effects resulting from

ATRA delivery to the RAR receptor (239) (Figure 1.4).
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1.5.9 Degradation by Cytochrome P450

ATRA is degraded to polar metabolites by members of the Cytochrome P450 26 family
(CYP26A1, CYP26B1 and CYP26C1) (230,245) (Figure 1.4). The expression of these
enzymes is strongly increased by ATRA, which may cause treatment-resistance if ATRA is
used as a HDT (246). CYP26 inhibitors used alone, or in combination with ATRA, are worth
considering when exploring ATRA as a HDT for Mtb. In summary, there is a need to
understand better how these oxidising enzymes and carrier proteins are affected by Mtb
infection and to understand better how impaired signalling of endogenously produced
ATRA contributes to macrophage susceptibility to Mtb. Both of these topics are explored
in chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis). Chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2

Antigens: The Influence of Age) of this thesis is focused on host responses to SARS-CoV-2.
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Figure 1.4: Vitamin A is delivered to target cells in several ways. Retinyl esters (in green) can be
delivered within chylomicrons post-prandially or within liver-secreted VLDL. Retinoic acid (in red),
can be produced by neighbouring cells and delivered, bound to albumin. However, 90% of all
circulating retinoids are in the form of retinol (in blue), bound to RBP4 and TTR. Retinol can diffuse
freely across cell membranes or in certain cells, following dissociation of TTR, can also be
channelled through the surface receptor STRA6, which triggers a JAK-STAT3/5 signalling cascade.
Intracellularly, retinol is bound to Cellular Retinol Binding Protein (CRBP), which also binds retinal
(in purple). If not esterified by LRAT, retinol can be reversibly oxidised to retinal by short-chain
dehydrogenases or alcohol dehydrogenases. Retinal can then be irreversibly oxidised to retinoic
acid by members of the aldehyde dehydrogenase 1a family. ATRA (in red), the predominant
isoform of retinoic acid, is bound to Cellular Retinoic Acid Binding Protein 1 or 2 (CRABP1,
CRABP2), or Fatty Acid Binding Protein 5 (FABP5). CRABP1 preferentially delivers ATRA to
Cytochrome P450 26 (CYP26) for degradation to polar metabolites, whereas CRABP2 delivers
ATRA to its primary nuclear receptor, the RAR:RXR heterodimer, to activate transcription of its
target genes. If the ratio of FABP5 to CRABP2 is high, ATRA is preferentially delivered to an
alternative nuclear receptor, the PPARS/68:RXR heterodimer.
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1.6 Alveolar Macrophage Responses to SARS-CoV-2
1.6.1 SARS-CoV-2 and the COVID-19 Pandemic

COVID-19 is an infection caused by a novel, single-stranded, positive-sense RNA beta-
coronavirus named SARS-CoV-2. The virus is closely related to SARS-CoV, which caused
the SARS (or Severe Acute Respiratory Syndrome) pandemic in the early years of the 21st
century, and more distantly related to MERS-CoV and the four other coronaviruses
known to infect humans — HCoV-229E, HCoV-HKU1, HCoV-NL63 and HCoV-OC43. SARS-
CoV, SARS-CoV-2 and MERS-CoV can cause severe pneumonitis, while the others cause
only mild upper respiratory tract infections in humans (247). The first cases of COVID-19
were identified in Wuhan, Hubei province, China, in December 2019. Following its
emergence in China, a global pandemic has ensued, affecting every country (7). At the
time of writing (9™ February 2023), 755 million confirmed COVID-19 infections and 6.8
million deaths associated with a confirmed SARS-CoV-2 infection had been reported to
the WHO (248). However, excess global mortality during the first two years of the COVID-
19 pandemic is estimated at 14.8 million deaths, indicating both an undercount of direct

COVID-19 deaths and a significant indirect toll of the pandemic (7).

1.6.2 Transmission of SARS-CoV-2

SARS-CoV-2 is primarily transmitted between humans via respiratory droplets, expelled
from the lungs during coughing, speech, singing etc. These droplets fall under the
influence of gravity within approximately 2 metres of their source, and as such, proximity
is a strong determinant of the epidemiologically-observed transmission risk (249). It is
perhaps unsurprising, therefore, that outbreaks within congregated settings such as
nursing homes have been a major feature of the pandemic and have resulted in
disproportionate morbidity and mortality in these settings (250). Airborne transmission
via droplets smaller than 5um, which can linger, suspended in the air for longer periods
and travel greater distances, has also been documented. However, airborne transmission

is thought to contribute less to overall transmission of SARS-CoV-2 and may be limited to
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specific circumstances, such as following aerosolising procedures on COVID-19 patients in

healthcare settings.

In addition to respiratory droplets and aerosols, SARS-CoV-2 is excreted in saliva and
faeces and can persist in bodily fluids and on surfaces of various materials. Despite this,
there is no strong evidence that direct inoculation from physical contact or fomite
transmission contributes significantly to overall COVID-19 transmission (251,252). In
broad terms, SARS-CoV-2 has a natural reproduction number (Ro) which is higher than

influenza virus but lower than the highly transmissible measles virus (253).

Following infection with SARS-CoV-2, and a median incubation period of 4 to 5 days, most
people (approximately 60%) develop symptomatic COVID-19 infections (247).
Epidemiological evidence indicates that the median infectious period in human COVID-19
infection spans from approximately 2 days pre-symptom onset to 7 days post-symptom
onset, with peak infectiousness coinciding with the apex of viral loads the day before
symptom onset. While SARS-CoV-2 RNA can be detected in respiratory samples for some
time beyond this point, this does not translate to the isolation of viable, infectious virus in
vitro or to an ongoing transmission risk in observational studies. Importantly, this

duration of infectiousness can be much longer in immunocompromised hosts (249,254).

1.6.3 Clinical Aspects of SARS-CoV-2 Infections

While COVID-19 is a multisystem disease, approximately 40% of people infected with
SARS-CoV-2 are asymptomatic for the duration of infection (255,256). Asymptomatic
patients have similar SARS-CoV-2 viral loads to symptomatic patients and contribute,

along with pre-symptomatic patients, to about 40% of overall transmission (256,257).

Most patients with symptomatic COVID-19 infections report mild symptoms such as
fever, cough, headache, myalgia, sore throat, coryza, anosmia and diarrhoea. In the pre-
vaccination period of the pandemic, severe disease, critical disease and the crude case
fatality rate were estimated at 14%, 5% and 2.3%, respectively (258). Vaccination is

associated with more than a 10-fold decrease in risk of hospitalisation and severe
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outcomes, and different SARS-CoV-2 variants pose varying severity risks (259,260). Severe
disease tends to manifest approximately one week following symptom onset, most
significantly as respiratory failure associated with acute respiratory distress syndrome
(ARDS) in approximately one quarter of hospitalised patients, which frequently
necessitates mechanical ventilation (261). Apart from pneumonitis, severe COVID-19
disease commonly includes thromboembolic complications of endothelial dysfunction as

well as cardiac injury and dysfunction.

Some therapies for COVID-19 target the host. Corticosteroids are the mainstay of COVID-
19 treatment, as they improve mortality in hospitalised patients requiring oxygen. IL-6
monoclonal antibodies and Janus kinase inhibitors are also recommended in certain
subgroups (262). Other therapies for COVID-19 target SARS-CoV-2 itself. Remdesivir
blocks viral RNA transcription. Nirmatrelvir is a SARS-CoV-2 protease inhibitor. Both are
recommended in the early phase of infection in patients at a high risk of progression to
severe disease. Neutralising antibody therapies targeting SARS-CoV-2 spike protein were
previously recommended for COVID-19 pre-exposure prophylaxis, post-exposure
prophylaxis and treatment. However, their efficacy has markedly declined due to the
evolutionary drift of SARS-CoV-2, and therefore their use is no longer advised in clinical
guidelines (263). Despite the availability of these various therapies in a high-resource
country such as Ireland, with almost universal vaccination uptake among those at highest

risk, there were 2,321 Irish COVID-19 deaths recorded in 2022 (264).

1.6.4 Age and Other Risk Factors in SARS-CoV-2 Infections

Booth et al. found in a meta-analysis including 17 million patients’ data that co-
morbidities such as cardiovascular disease, chronic lung disease, active cancer,
immunosuppression, chronic kidney disease and obesity increased the risk of severity and
mortality due to COVID-19. Surprisingly, active smoking did not significantly increase the

risk of severe COVID-19 in their multivariate analysis (265).

Age, however, was a much more profound determinant of risk than any of these clinical

diagnoses or criteria. Booth et al. report an odds ratio of severe COVID-19 of 1.69 in those
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over the age of 60, 1.76 in those over the age of 65 and 1.93 in those over the age of 75.
This compares with 1.69 for obesity, 1.09 for cardiovascular disease and 1.48 for active
cancer. Regarding the risk of mortality, they report an odds ratio of 3.15 for those over
the age of 60, 3.79 for those over the age of 65 and 5.82 for those over the age of 75. This
compares with 1.45 for obesity, 1.53 for cardiovascular disease and 2.15 for active cancer
(265). One of the most prevalent risk factors, advanced age, is therefore also the most
potent. In Ireland in 2020, the central statistics office estimated that 306,936 of the
5,203,265 population (5.9%) were 75 years of age or older (266). Almost three quarters of
recorded Irish COVID-19 deaths are among this small minority (267).

In addition to these common risk factors, which account for the bulk of severe COVID-19
cases, rarer risk factors have been identified that may shed light on the pathogenesis of
severe COVID-19 — genetic defects affecting TLR7 (268,269), TLR3 (270), IRF7 (270), CCR9
(271), CXCR6 (271) or the ABO group locus (271). Similarly, autoantibodies targeting type
1 interferons have been associated with severe COVID-19, are detectable in 4% of the
elderly population but in 18% of those who died from COVID-19 — suggesting such
antibodies are responsible for a sizable fraction of overall mortality, and highlighting the
importance of functional innate immune responses in determining disease outcomes

(272,273).

1.6.5 Pathogenesis of SARS-CoV-2 Infections: Virology

The SARS-CoV-2 genome encodes structural proteins, non-structural proteins and
accessory proteins. The structural proteins consist of the membrane, nucleocapsid,
envelope and spike proteins. The non-structural and accessory proteins consist of those
required for RNA replication, transcription and immune evasion (247,274). A host-derived
lipid bilayer and the four structural proteins form the virion capsule that contains the

SARS-CoV-2 genome.

The SARS-CoV-2 spike protein is a 1273 amino acid-long glycosylated protein that forms
trimers on the virion surface and has close analogues in other Coronaviridae. Importantly,

the spike protein contains the receptor-binding domain (why vaccines have targeted the
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spike protein), which facilitates the binding of the SARS-CoV-2 virion with its target
receptor: the angiotensin-converting enzyme 2 (ACE2) receptor. ACE2 is widely expressed
in many human tissues including by type 2 alveolar epithelial (AT2) cells — the primary
target of SARS-CoV-2 in the lower respiratory tract (247,275,276) — and by vascular
endothelial cells, explaining the association of COVID-19 with thromboembolic disease

(277).

Both AT2 cells and vascular endothelial cells also express another critical surface protein:
TMPRSS2. Following the binding of the spike protein with ACE2, it is cleaved by TMPRSS2
—a transmembrane serine protease. This leads to a conformational change of the spike
protein, allowing the SARS-CoV-2 virion membrane to fuse with the host cell’s membrane
and the SARS-CoV-2 genome to enter the host cytoplasm. The positive-sense RNA of
SARS-CoV-2 acts initially as an mRNA for the transcription of a replication-transcription
complex, which then facilitates the production of negative-sense RNA copies and then
positive-sense RNA fragments which associate with host ribosomes to produce SARS-CoV-
2 proteins. The structural proteins self-assemble in the endoplasmic reticulum to form
daughter virions which are transported to the cell membrane and ejected by exocytosis.
Daughter virions can then infect neighbouring cells, setting off an exponential chain
reaction of viral replication, or even be expectorated in respiratory droplets to complete
the lifecycle (274). SARS-CoV-2 is directly toxic to host cells and induces cell death in AT2

cells, perhaps mediated by accessory proteins such as ORF3a (278,279).

At a length of only 76 amino acids, the SARS-CoV-2 envelope protein is the smallest
structural protein. It is, however, a SARS-CoV-2 virulence factor and serves a function by
forming cation channels in the host endoplasmic reticulum membrane, improving viral

replicative fitness in vitro and leading to pathology in vivo (274,280,281).

1.6.6 Pathogenesis of SARS-CoV-2 Infections: Immunology

In addition to the pathology caused directly by SARS-CoV-2, much of the pathogenesis of
COVID-19 is immunopathological. SARS-CoV-2 is initially sensed by host MDAS, a

cytoplasmic pattern recognition receptor (PRR), which detects SARS-CoV-2 double-
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stranded RNA, provoking the transcription and secretion of type 1 and type 3 interferons.
In keeping with what was suggested by the epidemiological work on type 1 interferon
autoantibodies, type 1 interferon responses have been found to be protective but
suppressed in early SARS-CoV-2 infection (273,282). These released interferons cause
paracrine, bystander effects on neighbouring epithelial cells and resident macrophages
which (perhaps in addition to the direct sensing of SARS-CoV-2 by macrophages) triggers
the production of chemokines (e.g. CCR2, CCL7, CCL8) and pro-inflammatory cytokines
(e.g. IL-6, TNFa, pro-IL-1B). These chemokines and cytokines trigger the homing and
activation of monocytes, neutrophils and T cells, which respond by further producing
cytokines and chemokines. Of particular clinical importance, IL-6 and TNFa levels are
independently associated with COVID-19 severity and mortality (283). Although raised
alongside acute phase reactants like CRP and ferritin, the circulating levels of these and
other pro-inflammatory cytokines are much lower than in patients with sepsis, ARDS from
traditional causes, or the ‘cytokine release syndrome’ seen in patients undergoing CAR T
cell therapy (284). Nevertheless, the pro-inflammatory cascade set off in the alveoli
results in alveolar epithelial cell death, oedema and dysregulated coagulation and
fibrinolysis (leading to microvascular thrombosis) —a common pathway on the

developmental route to ARDS (247).

Both monocyte-derived macrophages and native, resident alveolar macrophages display
markers of aberrant activation and dysfunction in severe COVID-19. AMs were observed
to have markedly suppressed expression of the AXL receptor, which is critical in their
functions of efferocytosis and tissue repair (285). Monocytes and macrophages are a
source of IL-1B and IL-6 in the lungs of patients with COVID-19, and higher levels of IL-1B
are expressed by lung monocytes and macrophages in COVID-19 versus other respiratory
infectious like influenza or pneumonia. Locally-produced pro-inflammatory cytokines like
IL-1B contribute to the pathogenesis of ARDS in part by interrupting the transition of AT2

cells to AT1 cells — an appropriate feature of lung regeneration following damage (285).

While IL-6 and TNFa were the cytokines associated with COVID-19 severity and mortality
in clinical studies, their secretion from SARS-CoV-2 -infected monocytes was completely
dependent on IL-1B in vitro. Importantly, IL-1B requires inflammasome activation for its

own activation and secretion and, blocking components of the inflammasome, such as
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NLRP3, also reduces IL-6 and TNFa secretion (286). IL-1P is extremely short-lived and is
not consistently detected in the serum of patients with COVID-19. Evidence for the
relevance of inflammasome activation as a central feature of COVID-19 pathogenesis
exists: circulating IL-18 (which also requires inflammasome activation) is associated with
severity (287); IL-1B has been detected in bronchoalveolar lavage fluid and pathological
specimens (288,289); and mouse models of SARS-CoV-2 infection confirm inflammasome
activation in infected lung macrophages, and inhibition of the macrophage
inflammasome resulted in higher viral titres (290). Interestingly, SARS-CoV envelope
protein activates the NLRP3 inflammasome in Vero E6 cells, mediated by its function as a
cation channel. Alternatively, indirect inflammasome activation via damage-associated
molecular patterns (DAMPs) may be dominant (291). Yalcinkaya and colleagues found
that envelope protein suppresses NLRP3 inflammasome activation in naive macrophages
but increases it in LPS-primed macrophages (292). Once the NLRP3 inflammasome is
activated, and IL-1B is released, a positive feedback loop can develop with amplification

of IL-6 secretion, cell death and further inflammasome activation (291).

1.6.7 Alveolar Macrophages and SARS-CoV-2

Alveolar macrophages (AMs) are the native, tissue-resident immune cell of the lung. In
addition to their defining role in host-defence against bacteria such as Mycobacterium
tuberculosis, AMs are also central players in the host’s battle against viral infections such
as influenza A (17,18). Being the most numerous immune cells of the lung, and given their
location, AMs are likely the first professional immune cell to encounter SARS-CoV-2
following transmission and can exert an influence before any homing monocytes,

neutrophils, or T cells arrive on the scene.

There is equipoise on the question of whether human AMs can be productively infected
by SARS-CoV-2. Evidence from murine models of SARS-CoV-2 infection indicates that M1-
polarised (IFNy-pre-treated) murine AMs uptake SARS-CoV-2 by phagocytosis (in a non-
ACE2-dependent manner) and permit its replication and active release (22). Humanised

mouse lung macrophages permit SARS-CoV-2 replication (290).
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A single-cell RNA sequencing study of BAL fluid from COVID-19 patients found both
positive- and negative-sense SARS-CoV-2 RNA in AMs, indicating possible viral replication
or perhaps merely a signal of epithelial phagocytosis. AMs from these patients, who were
intubated with ARDS (i.e. late-stage disease), display an increased expression of cytokine
and chemokine genes, as could be expected (293). However, much less is known about

the early interactions of human AMs with SARS-CoV-2.

Dalskov et al. infected human AMs from BAL fluid with SARS-CoV-2 in vitro and could not
detect any induction of type 1 or type 3 interferons, in contrast to influenza A. Other
cytokines were not assessed. They could detect intracellular SARS-CoV-2 RNA at similar
levels to the control, influenza A-infected cells, suggesting that SARS-CoV-2 enters the cell
but somehow evades detection by AMs. Dalskov and colleagues also could not detect
ACE2 mRNA expression by human AMs, whereas expression was strong in alveolar
epithelial cells (294). This finding was replicated in a recent paper by Labzin et al. (295).
This is in contrast to other reports which suggest that human AMs do, in fact, express
ACE2: lung macrophages from humanised mice express ACE2, and blocking ACE2 reduces
viral uptake in these macrophages (290); single-cell RNA sequencing data indicates ACE2
expression in a minority of alveolar macrophages of healthy individuals (296). Despite the
minority of AMs expressing ACE2, many AMs contain SARS-CoV-2 RNA in vivo, suggesting
ACE2-independant uptake in the majority of AMs (297). Uptake via phagocytosis rather
than via ACE2 by MDMs and AMs led to an unproductive, abortive infection, according to
Labzin’s recent paper, whereas ACE2-expressing THP-1 macrophages could be
productively infected (295). Importantly, there was inter-individual variability in the
expression of ACE2 among healthy donors’ AMs, and lung fibrosis was associated with
higher expression — suggesting that AM ACE2 expression is not fixed but dependent on
other factors (296). Perhaps that factor is macrophage polarisation, as suggested by the

previously-mentioned murine studies (22).

Nevertheless, even if human AMs can only be abortively infected or are not infectible at
all, they may still play an important role by recognising and responding to SARS-CoV-2
antigens. By analogy, human AMs cannot be productively infected with seasonal
influenza A but yet are known to be critical and central in host defence against influenza

A — by serving as a ‘dead end’ for influenza replication, through Fc-mediated cytokine
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responses and through the suppression of autocrine production of cysteinyl leukotriene

D4 by type 1 alveolar epithelial cells (17,18,298).

1.6.8 SARS-CoV-2 Proteins are PAMPs

SARS-CoV-2 double-stranded RNA is sensed by epithelial cell cytosolic pattern recognition
receptors (PRRs) MDAS and RIG-I, resulting in type 1 and type 3 interferon signalling —
which, as discussed, is defective in human AMs (247,294). However, SARS-CoV-2 surface
proteins may also be pathogen-associated molecular patterns (PAMPs) that are
recognised by PRRs present on the cell membrane of human AMs and other myeloid cells.
In particular, there is evidence that SARS-CoV-2 spike and envelope proteins are PAMPs,

recognised by the innate immune system’s toll-like receptors (TLRs).

TLR2 is a cell surface PRR that forms heterodimers with TLR1 or TLR6 and is widely
expressed, including by macrophages and epithelial cells. Ligands for TLR2 include
bacterial or protozoal proteins such as lipoarabinomannan expressed by Mycobacterium
tuberculosis, porin expressed by Neisseria meningitidis and glycophosphatidylinositol
expressed by Plasmodium falciparum. Certain viral proteins are also recognised by TLR2,
such as glycoprotein B expressed by herpes simplex virus (HSV). Following the binding of
a ligand with TLR2, an intracellular cascade is triggered involving MyD88, TRAF6 and the
transcription factors NFkB and AP1. This results in increased gene expression of TNFa,
pro-IL-1B and IL-8, among others (299). There are conflicting reports as to whether SARS-
CoV-2 spike protein is a TLR2 ligand. Certain studies report that THP-1 macrophages or
human monocyte-derived macrophages respond to spike protein via TLR2 (300,301).
Others report that spike protein does not provoke a cytokine reaction in murine BMDMs
or human PBMCs, in contrast to the TLR2 ligand Pam3CSK4 (302). The same study found
that SARS-CoV-2 envelope protein could induce TNFa, IL-6 and IL-1p secretion in these
cells, which was attenuated in BMDMs from TLR2 knockout mice. This finding that
envelope protein binds to TLR2 was replicated in human embryonic kidney (HEK) cell lines
(303). It is interesting that SARS-CoV-2 envelope protein might act as both signal 1 (as a

ligand for a TLR) and signal 2 (as discussed above, by its function as a cation channel) in
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inflammasome activation under certain circumstances, and enable the release of

activated IL-1p3 on its own.

TLR4 is another widely expressed cell surface PRR that detects bacterial proteins such as
lipopolysaccharide (LPS) expressed by Escherichia coli as well as viral proteins such as the
fusion protein of respiratory syncytial virus (RSV). Binding of a ligand with TLR4 results in
proinflammatory cytokine transcription (e.g. IL-6, TNFa, pro-IL-1p and IL-12) via NF-kB
and type 1 interferon transcription via IRF3 (304). Multiple studies have found SARS-CoV-
2 spike protein to be a TLR4 ligand, although others have not, as is well summarised in a
review by Halajian et al. (304). This variability may be the result of reagent contamination
in some instances, differences in experimental design in others, or perhaps may reflect a
true variability of response according to cell type. Whether envelope protein is a ligand
for TLR4 is not yet clear. This was not specifically assessed by Zheng et al., who found that
envelope activates TLR2 (302). Planés et al., who replicated the finding, observed that
envelope protein-stimulated HEK cells responded less if pre-treated with an antagonist of
TLR4, but blocking antibodies against TLR2 had a stronger effect (303). The strongest
evidence that envelope protein is a TLR4 ligand comes from an impressive study by
Anand et al. Envelope protein induced lung inflammation when inhaled by mice, induced
reactive oxygen species (ROS) production in murine alveolar macrophages and induced
interferon and NF-kB signalling in both THP-1 and murine RAW macrophage cell lines.
Importantly, this effect was not abrogated by polymyxin B (a control for LPS
contamination) but was abrogated by knocking out TLR4 (305). This pivotal study places
envelope protein-stimulated lung macrophages at the centre of pathological

inflammation in COVID-19.

No studies have assessed whether human AMs, specifically, recognise SARS-CoV-2 spike
protein or envelope protein, what the cytokine responses might be and which TLR is
responsible for their detection (if any). Given the findings of Anand et al., this is an

important knowledge gap that should be addressed.
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1.6.9 Early Events in SARS-CoV-2 Infections

The presence of AMs during the critical, earliest encounters in natural SARS-CoV-2
infection — early in the exponential viral growth curve — opens the possibility that they
play a role in summoning and co-ordinating other immune cells, in conducting their
antiviral responses, in restraining the viral load trajectory and ultimately in determining

the disease course.

The early events of tuberculosis infection are well understood to be critical in
determining the disease course, and AMs are heavily implicated in these early events
(36,306). AMs have also been shown to be critical in the early events of viral infections
like those caused by respiratory syncytial virus (RSV) (23,307), influenza virus (24,26,308)
and Newcastle disease virus (NDV) (25). Depletion or impairment of AMs results in worse
disease outcomes in mice infected with RSV, influenza virus and NDV infection (23-26).
AMs are the primary producers of type 1 interferons in these three viral infections
(23,25,308) and are also early producers of other pro-inflammatory cytokines and
chemokines such as TNFa, IFNy, IL-6, CXCL8 and CXCL10 in these infections (25,307,308).
While human AMs fail to produce type 1 interferons in reaction to SARS-CoV-2 (the
reason SARS-CoV-2 is so successful, perhaps) (294), they might produce other relevant
pro-inflammatory cytokines and chemokines in the critical early phase. This has not been
assessed in humans but is true in mice (22). These early AM responses would likely be
dependent on the recognition of SARS-CoV-2 by PRRs such as TLRs. Strong
epidemiological evidence for the importance of early innate responses in determining

COVID-19 outcomes is presented in studies of TLR genetic defects (268-270).

1.6.10 Ageing and Alveolar Macrophages

Early innate immune responses to infection may be deficient in older people. Ageing
adversely affects core macrophage functions like autophagy via the hypermethylation of

autophagy genes (309,310). AMs from aged mice also display impaired phagocytosis and
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a baseline enrichment of proinflammatory gene transcription. These older mice are more
susceptible to influenza A (26). The same study found that AMs were less numerous in
aged mice, although other studies dispute that (26,311). The ontogeny of AMs may be
relevant here: AMs are derived primarily from the foetal yolk sac and liver, self-
repopulate at steady state but can be replaced by macrophages of monocyte origin
following severe pulmonary insult such as irradiation or infection with influenza
(312,313). Over time, repeated environmental insults and infections may gradually lead
to a replacement of ‘true’ AMs by monocyte-derived macrophages — which may have a
distinct phenotype (314,315). McQuattie-Pimentel et al. recently reported, however, that
the alveolar microenvironment, and not ontogeny, results in the dysfunction observed in
aged mice AMs (316). In any case, AMs from older mice display an M1 polarised,
proinflammatory phenotype (317-319). No studies examining the effect of ageing on

human AM functions have been published.

Differences in TLR expression or pathway function with age might explain this
proinflammatory phenotype. Circulating monocytes from older adults display baseline
activation and increased responsiveness to LPS (320). TLR4 surface expression is
increased on AMs from aged mice, whereas TLR2 expression is not affected by age
(311,321). However, downstream signalling is impaired following TLR2 activation of AMs
in aged mice (321). Circulating monocytes from older humans also have preserved TLR2
surface expression but, similarly, demonstrate impaired TLR2 pathway functioning —
secreting less TNFa and IL-6 in response to Pam3CSK4 (322—-325). Thus, if SARS-CoV-2
antigens are TLR4 ligands, a hyperresponsive reaction by AMs from older adults might be
expected. On the other hand, if SARS-CoV-2 antigens are TLR2 ligands, a hyporesponsive
reaction by AMs from older adults might be expected. Given that severe COVID-19 is
more associated with an inappropriate, hyperinflammatory phenotype, we might predict

the former to be more likely.

In addition to differences in TLR expression or pathway function, variance in baseline
inflammasome activation with age could be relevant. Indeed, alveolar macrophages from
aged mice are known to have increased NLRP3 activation (326), something that has been
identified as driving pathological inflammation in COVID-19 disease, especially in the

elderly (290,327).
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1.6.11 Alveolar Macrophage Responses to SARS-CoV-2: Clinical and Research Needs

An understanding of how AMs from older and younger adults respond to SARS-CoV-2,
which antigens are recognised, and by what pathway should be of great interest to both
researchers and clinicians. Clarity is needed on whether human AMs can be productively
infected with SARS-CoV-2, to answer a fundamental question of SARS-CoV-2
immunobiology on which some equipoise remains (22,290,294,295). The antigens,
receptors or downstream pathways that drive inappropriate host immune responses in
the elderly might be good therapeutic targets for drug development or the redeployment
of already-existing therapies. Furthermore, while every licensed vaccine to-date is
designed to induce antibodies against the SARS-CoV-2 spike protein, inhibiting ACE2-
dependent cell entry, breakthrough infections do occur: despite almost universal
vaccination coverage, 2,321 COVID-19 deaths were reported in Ireland in 2022, almost all
in the elderly (264). If the SARS-CoV-2 envelope protein is a trigger of immunopathology
in human AMs, anti-envelope antibodies induced by novel vaccines which included this
antigen (in addition to spike protein) might intercept the envelope protein, reduce the
resulting immunopathology, improve vaccine efficacy and help to prevent these severe
breakthrough infections. Indeed, the inclusion of envelope protein in COVID-19 vaccines
has been proposed as a suitable vaccine target before and even explored in preliminary
studies (328—-330). As the SARS-CoV-2 spike protein has mutated over the course of the
pandemic, the efficacy of vaccines and monoclonal antibody therapies directed at spike
protein have declined with more recent variants (263,331). On the other hand, envelope
protein is highly genetically conserved between SARS-CoV and SARS-CoV-2, with 95%
sequence similarity, while less pathogenic Coronaviridae show much less similarity,
pointing to its role in virulence (332-334). Envelope protein was found to be more
genetically stable than spike protein during the first two years of the pandemic, further

supporting its exploration as a viable vaccine target (335).
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In summary, there is both a research and clinical need to better understand the
interactions between specific SARS-CoV-2 proteins and host receptors to characterise
human AM responses in the earliest phase of SARS-CoV-2 infection and to define how

these responses vary by age.
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1.7 Outline of Results Chapters

In chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) we seek to examine the relationships between endogenous vitamin A
pathways and macrophage responses to Mtb infection. We aim to determine the effect
of Mtb infection on human macrophage vitamin A pathways and to determine the effects
of endogenously produced ATRA on macrophage responses to Mtb infection. In pursuing
these aims, we hope to better understand why clinical trials of retinol in TB have failed

and understand how VAD confers a risk of TB.

In chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) we investigate ATRA as a potential HDT for NTMs. We aim to determine if
ATRA is an effective HDT against NTMs in vitro and to determine ATRA’s mechanisms of
action as a HDT against NTMs. This research is a proof of concept for a novel, host-

directed therapeutic strategy for NTM disease.

In chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) we assess if and how human AMs respond to SARS-CoV-2 antigens and
the SARS-CoV-2 virus itself. We aim to determine if human AMs produce cytokines in
response to SARS-CoV-2 antigens, by which TLR and to understand if the clinical risk
factors of age and smoking are associated with different cytokine responses of human
AMs to SARS-CoV-2 antigens. We also aim to determine how human AMs respond to
SARS-CoV-2 itself. A better understanding of how advanced age leads to severe COVID-19

may arise from this research.
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Chapter 2

2 Methods and Materials

We employed in vitro cellular models of infection to investigate our hypotheses. We used
both primary human macrophages and human macrophage cell lines, and a variety of
stimuli and live mycobacterial species to infect these human macrophages. This approach
allowed us to probe, with high cell specificity and temporal resolution, the early host-

pathogen interactions relevant to our research aims.
2.1 Cell Culture
2.1.1 Human Monocyte-Derived Macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coats of
healthy donors by density gradient centrifugation using Lymphoprep (STEMCELL
Technologies), washed and resuspended at 3 x 10° cells/ml in RPMI (ThermoFisher)

supplemented with 10% AB human serum (Sigma-Aldrich).

MDMs were selected using adherence separation by plating the PBMCs onto non-treated
plates (Corning Costar). For donors that were planned to be infected, the PBMCs were

simultaneously plated onto 8-well glass Labtek slides at the same density to allow for the
determination of the multiplicity of infection (MOI). Cells were incubated at 37 °C and 5%

CO; for 7-10 days. Non-adherent cells were removed by washing every 2-3 days.

For Seahorse metabolic experiments, MDMs were selected as before. Cells were washed
on day 6, and then gently scraped and reseeded in fresh media onto XF24 Seahorse Cell
Culture Plates (Agilent) at 1 x 10° cells per well and simultaneously onto 8-well glass
Labtek slides at the same density to allow for the determination of the MOI. Cells were
incubated 37 °C and 5% CO; for 2 days, washed and supplemented with fresh media

immediately prior to experimentation.
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2.1.2 Human Alveolar Macrophages

Human AMs were retrieved from bronchoalveolar lavage (BAL) fluid of consenting
patients undergoing routine bronchoscopy at St. James’s Hospital, Dublin. Ethics was
approved by St. James’s Hospital/Tallaght University Hospital Joint Research Ethics
Committee. Exclusion criteria for collection included a diagnosis of lung cancer,
sarcoidosis, HIV or any active infection. BAL fluid was filtered through a 100 um nylon

strainer (BD Falcon; BD Bioscience, Erembodegem, Belgium).

The AMs were pelleted by centrifugation at 150 g for 15 minutes and resuspended at 2.5
x 10° cells/ml in RPMI (ThermoFisher) supplemented with 10% foetal calf serum (Sigma-
Aldrich), 2.5 ug/ml Fungizone and 5 pg/ml cefotaxime (Invitrogen). For chapter 3
(Endogenous Macrophage ATRA Production and Mycobacterium tuberculosis)
experiments, AMs were plated onto untreated 12-well plates (Corning Costar) at 2.5 x 10°
cells/ml and simultaneously onto 8-well glass Labtek slides at the same density to allow
for the determination of the MOI. For chapter 4 (All trans Retinoic Acid as a Host-Directed
Therapy for Nontuberculous Mycobacteria) experiments, AMs were plated onto
untreated 8-well Seahorse miniplates (Agilent) at 8 x 10* cells per well and simultaneously
onto 8-well glass Labtek slides. For chapter 5 (Human Alveolar Macrophage Responses to
SARS-CoV-2 Antigens: The Influence of Age) antigen stimulation experiments, AMs were
plated onto untreated 48-well plates (ThermoFisher) at 2.5 x 10° cells/ml. For chapter 5
SARS-CoV-2 infection experiments, AMs were plated onto untreated 12-well plates

(Corning Costar) at 2.5 x 10° cells/ml.

AMs were incubated at 37 °C, 5% CO: for 24 hours and then washed to remove non-
adherent cells, at which point chapter 4 (All trans Retinoic Acid as a Host-Directed
Therapy for Nontuberculous Mycobacteria) Seahorse experiments started. Otherwise,
cells were incubated for a further 2-4 days prior to experimentation, replacing with fresh

media on the morning of experimentation (Figure 2.1).
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Figure 2.1: Bright field microscopy images of plated alveolar macrophages from a smoker (left)
and a non-smoker (right). The smoker’s macrophages contain phagocytosed products of smoke
inhalation.

2.1.3 THP-1 Macrophages

THP-1 cells were cultured in RPMI with 10% foetal calf serum and incubated at 37 °C, 5%
CO.. 3-4 days prior to infection, the cells were centrifuged and counted. The THP-1s were
diluted to a density of 1 x 10° cells per ml with 100nM phorbol 12-myristate 13-acetate
(PMA) and plated onto untreated 12-well plates (Corning Costar) or XF24 Seahorse Cell
Culture Plates (Agilent) as well as an 8-well glass Labtek slide. The THP-1s were allowed to
differentiate for 3-4 days, at which point the PMA-containing medium was removed and

replaced with fresh medium on the morning of experimentation.

2.2 Macrophage Treatments and Pre-treatments

2.2.1 Retinoic Acid Receptor Inhibitors & Ligands

Three retinoic acid receptor inhibitors (RARIs) were used. Ro 41-5253 (Sigma-Aldrich;
SML0573) is a RARa antagonist which was reconstituted in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich; D2650) and stored at -30 °C. ER 50891 (R&D; 3823) is also a RAR«x
antagonist which was reconstituted in DMSO and stored at -30 °C. AGN 193109 (R&D;
5758) is a pan-RAR antagonist that was reconstituted in DMSO and stored at -30 °C. The
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RAR ligand all trans retinoic acid (ATRA) (Sigma; R2625) was reconstituted in DMSO and
stored at -30 °C. ATRA is photosensitive, and so was shielded from the light, and was
sonicated before use. For all experiments, cells were first washed and fresh media was
applied. The cells were then treated with 2 uM of Ro 41-5253, 10 uM of ER 50891, 1 uM
of AGN 193109 or 10 uM of ATRA (Table 2.1).

For most experiments, the cells were treated for 3 hours before infection. The fresh
media applied at the end of the infection (sections 2.3.2-4) also contained the RARI or
ATRA at the same concentration. For ‘acute infection’ Seahorse experiments, the cells
were treated for 2 hours before the non-CO; incubation in Seahorse medium step
(section 2.6.2). This Seahorse medium also contained the RARI or ATRA at the same
concentration. The RARI or ATRA remained in situ for the duration of experimentation
and were present at the moment of infection. In total, counting the 2 hour pre-
treatment, the incubation in Seahorse medium step and the baseline ECAR and OCR
measurements, the cells were treated for approximately 3 hours prior to infection. For
‘Mito Stress Test’ Seahorse experiments, the cells were treated for 3 hours before the
non-CO; incubation in Seahorse medium step, but this Seahorse medium did not contain
the treatments. In all cases, the same concentration of DMSO that was present in the

treatment condition was used as a negative control (Table 2.1).

2.2.2 Cytokines

Recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Immunotools; 11343125) was reconstituted in water for injection (WFI) and stored at -30
°C. Recombinant human interleukin 4 (IL-4) (Immunotools; 11340045) was reconstituted
in WFI and stored at -30 °C. Cells were treated with 50 ng/ml of GM-CSF or 20 ng/ml of IL-
4 for 24 hours prior to infection. As before, the fresh media applied at the end of
infection also contained GM-CSF or IL-4 at the same concentration, and these cytokines

remained in place for the duration of experimentation (Table 2.1).

84



2.2.3 Antibodies

Monoclonal anti-human TLR2 IgG2a kappa (anti-TLR2) (ThermoFisher; 16-9922),
monoclonal anti-human TLR4 IgG2a kappa (anti-TLR4) (ThermoFisher; 16-9917) and
isotype control anti-mouse 1gG2a kappa (isotype control) (ThermoFisher; 16-4724) were
reconstituted in sterile PBS and stored at 4 °C prior to experimentation. For TLR inhibition
experiments, cells were first washed and then fresh media was applied. The cells were
then treated with 10 pug/ml of anti-TLR2, anti-TLR4 or the isotype control antibody for 1
hour prior to stimulation. Following stimulation, the cells were not washed before the
supernatant was collected i.e., the antibodies remained in place for the duration of the

experiment (Table 2.1).

2.2.4 Other Treatments

The mitogen activated protein kinase kinase (MEK) inhibitor, PD98059 (ThermoFisher;
PHZ1164), and the peroxisome proliferator-activated receptor gamma (PPARy) inhibitor,
GW 9662 (Tocris; 1508), were each reconstituted in DMSO, and used at final
concentrations of 10uM. For the Seahorse experiments in which these reagents were
used, the cells were pre-treated with the MEK inhibitor or PPARy inhibitor for one hour
before being treated with the RARI for two hours as before. When the media was
replaced with Seahorse medium, this media also contained the MEK inhibitor or PPARy
inhibitor in addition to the RARI, at the same concentrations and these treatments

remained in place for the duration of experimentation (Table 2.1).

DEAB (Sigma-Aldrich; D86256), an inhibitor of aldehyde dehydrogenases was
reconstituted in DMSO and used at a concentration of 100 uM, sonicating before use.
Metformin (Sigma-Aldrich; 317240) was reconstituted in WFI and used at a concentration
of 5 mM. For ‘acute infection’ Seahorse experiments utilising DEAB or metformin, the
cells were treated for 2 hours before the non-CO; incubation in Seahorse medium step
(see section 2.6.2). This Seahorse medium also contained the DEAB or metformin at the
same concentration. The DEAB or metformin remained in situ for the duration of

experimentation and were present at the moment of infection. For ‘Mito Stress Test’
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Seahorse experiments, the cells were treated for 3 hours before the non-CO; incubation
in Seahorse medium step, but this Seahorse medium did not contain the treatments.

DMSO was used as a vehicle control for DEAB (Table 2.1).

Amikacin (Sigma-Aldrich; A1774) was reconstituted in WFI and used at 250 pg/ml. Its use
is described in section 2.3.4 (Table 2.1).
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Treatment/Pre-Treatment

RAR Inhibitors & Ligands

Ro 41-5253 (RARa antagonist)

ER 50891 (RARa antagonist)

All Trans Retinoic Acid

Cytokines
GM-CSF

IL-4

Antibodies
TLR2 I1gG
TLR4 1gG

Isotype Control IgG

Other

DMSO

Metformin

DEAB

PD98059 (MEK antagonist)
GW 9662 (PPARy antagonist)

Amikacin

AGN 193109 (pan-RAR antagonist)

Cat. #

SMLO573
3823
5758
R2625

11343125
11340045

16-9922
16-9917
16-4724

D2650
317240
D86256
PHZ1164
CAYM70785
Al1774

Conc. Duration

(Unless otherwise stated)

2 uM 3 hours pre-inf.
10 uMm 3 hours pre-inf.
1uM 3 hours pre-inf.
10 uMm 3 hours pre-inf.
50 ng/ml 3 hours pre-inf.
20 ng/ml 3 hours pre-inf.
10 pg/ml 1 hour pre-stim.
10 pg/ml 1 hour pre-stim.
10 pg/ml 1 hour pre-stim.
(Control) 3 hours pre-inf.
5mM 3 hours pre-inf.
100 um 3 hours pre-inf.
10 uM 1 hour pre-RARI
10 uM 1 hour pre-RARI
250 pg/ml 1 hour post-inf.

Table 2.1: Macrophage treatments and pre-treatments.
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2.3 Infections and Stimulations

2.3.1 Determination of the Multiplicity of Infection

To control for inter-donor variability in phagocytosis, every infection or stimulation of
macrophages with mycobacteria was preceded by a multiplicity of infection (MOI) assay.
When cells were plated onto cell culture plates, they were also simultaneously plated in
parallel onto 8-well glass Labtek slides at the same seeding density. Whenever the cells
were washed and fresh media applied, both the cell culture plate and the Labtek slides
were treated identically. On the morning of infection or stimulation, the cells in the
Labtek slide wells were infected first with a range of volumes (a different volume in each
well) of the log-phase mycobacterial preparation. Three hours later, the media was
removed, the cells were washed with PBS and then fixed with 4% paraformaldehyde. The
slides were stained for acid fast bacilli using an auramine stain, counterstained with
Hoechst 33342, and the slides were then examined using fluorescent microscopy. The
number of bacilli phagocytosed per cell and the percentage of infected cells were
counted in at least 3 fields for each well. The volume needed to achieve the desired MOI
in the cell culture pates was then calculated, using the ratio of the well surface areas as a

multiplication factor (Figure 2.2).
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Figure 2.2: Composite fluorescent microscopy image of alveolar macrophages infected with
Mycobacterium tuberculosis (H37Ra) in vitro. Nuclei stained with Hoechst 33342 are in blue and
bacilli stained with auramine are in green. Fluorescent microscopy was used to determine the
multiplicity of infection for each donor. In this image, the macrophage in the upper left quadrant is
infected with at least two bacilli. The macrophage in the lower right quadrant is also infected with
at least one bacillus (more exact counting requires the dynamic use of focusing and higher
resolutions that can be achieved using a fluorescent microscope in person).

2.3.2 Mycobacterium tuberculosis Infections and Stimulations

Mycobacterium tuberculosis H37Ra was obtained from the American Type Culture
Collection ATCC 2517, Manassas, VA) and propagated from frozen stocks to log phase in
Middlebrook 7h9 medium (Difco; 271310) containing WFI (Merck; 4.86505.1000), 0.05%
Tween 80 (Difco; 231181) and 10% Middlebrook albumin, dextrose, catalase (ADC)
enrichment (Difco; 211887) for approximately 7 days. On the morning of infection, log
phase bacilli (growing in Middlebrook 7h9 medium) were centrifuged at 3,000 g for 10
minutes and then resuspended in the same media as that used for the macrophages
being infected. To remove clumps, the bacilli were first passed through a 25 gauge needle
six times and then the sample was centrifuged at 100 g for 3 minutes. The volume of the

sample needed to achieve the desired MOI was then calculated as per section 2.3.1 (336).
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The MOI was determined for each individual donor. Unless otherwise stated, MDM and
AM were infected at an MOI of 1-10 bacilli/cell for 3 hours. Extracellular bacteria were
then removed by washing with PBS, fresh media applied, and cells incubated at 37 °C and
5% for 24 hours (Figure 2.3, Table 2.2).

For Seahorse experiments, gamma-irradiated M. tuberculosis H37Rv (whole-cells) (BEI
Resources; NR-49098) was used. On the morning of stimulation, this irradiated H37Rv
(iH37Rv) was defrosted from stocks frozen at -30 °C and sonicated before use. In these
experiments, macrophages were stimulated with an amount of iH37Rv sufficient to
achieve an MOI of 5-10 bacilli/cell during the course of the metabolic measurements —
the volume needed to achieve the desired MOI was determined as per section 2.3.1. The
stimulating volume of iH37Rv preparation was introduced via the Seahorse cartridge
injection port. These iH37Rv stimulations were timed to occur after three baseline
metabolic measurement had been taken. An equal volume of Seahorse medium was

injected as a negative control (Figure 2.4, Table 2.2).
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Figure 2.3: Methods for experiments in which human MDMs and AMs were infected with H37Ra.
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Figure 2.4: Methods for Seahorse experiments in which human MDMs were stimulated with
iH37Rv.

2.3.3 Mpycobacterium chimaera Infections

Mycobacterium chimaera (DSMZ, German Collection of Microorganisms and Cell
Cultures; 44623) was propagated to log phase in Middlebrook 7h9 medium (same as for
M. tuberculosis, described above). THP-1s were infected with M. chimaera at an average
MOI of 1-2 bacilli per cell. 3 hours following infection, the cells were washed and fresh

media was applied.

For Seahorse experiments, AMs were infected with M. chimaera at an MOI of 5-10
bacilli/cell during the course of the metabolic measurements — the infecting volume of
the M. chimaera preparation was introduced via the Seahorse cartridge injection port
after three baseline metabolic measurements. An equal volume of Seahorse medium was

injected as a negative control (Table 2.2).

2.3.4 Mycobacterium abscessus Infections

Mycobacterium abscessus was obtained from the American Type Culture Collection (ATCC
19977, Manassas, VA) and propagated to log phase in Middlebrook 7h9 medium (same as

for M. tuberculosis, described above).

91



THP-1s were infected with M. abscessus at an average multiplicity of infection (MOI) of 1-
2 bacilli per cell. 3 hours following infection, the cells were washed, and fresh media was
applied. At this point for experiments using M. abscessus, an additional 1h treatment step
with amikacin (250 mg/ml) (A1774, Sigma-Aldrich) was undertaken to kill any remaining
extracellular bacilli. The same step was also undertaken for uninfected conditions. The

cells were again washed and fresh media was applied.

For Seahorse experiments, AMs were infected with M. abscessus at an MOI of 5-10
bacilli/cell during the course of the metabolic measurements — the infecting volume of
the M. abscessus preparation was introduced via the Seahorse cartridge injection port
after three baseline metabolic measurements. An equal volume of Seahorse medium was

injected as a negative control (Table 2.2).

2.3.5 Stimulation of Macrophages with TLR Ligands

The TLR4 ligand lipopolysaccharide (LPS) (Sigma-Aldrich; L5418) was used at a
concentration of 100 ng/ml. LPS stimulation was used in chapter 3 (Endogenous
Macrophage ATRA Production and Mycobacterium tuberculosis) as a model of gram-
negative bacterial infection, and in chapter 5 (Human Alveolar Macrophage Responses to
SARS-CoV-2 Antigens: The Influence of Age) as a positive control and for the validation of
the anti-TLR4 blocking antibodies.

The TLR2/1 ligand Pam3CSK4 (Invivogen; tlrl-pms) was used at concentrations of 1 ug/ml
and 2.5 pg/ml and used to validate the anti-TLR2 blocking antibodies in chapter 5 (Human
Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The Influence of Age).
Macrophages were stimulated with these TLR ligands for 24 hours before supernatants or

cell lysates were retrieved (Table 2.2).
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2.3.6 Stimulation of Macrophages with SARS-CoV-2 Antigens

Alveolar macrophages were retrieved and selected as described above. On the morning
of the experiment, fresh media was applied to the AMs. The AMs were then treated for 1
hour with blocking antibodies against TLR2 or TLR4 or an isotype control antibody as
described above. The AMs were then stimulated with SARS-CoV-2 spike protein (R&D;
10549-CV) at 1 pg/ml, envelope protein (ABclonal; RP01263) at 1 pg/ml or left
unstimulated. An untreated, LPS-stimulated (100 ng/ml) condition was used as a positive
control. Supernatant was collected at 6- and 24-hours post-stimulation, and cell lysate

was taken at 24 hours post-stimulation for RNA extraction (Figure 2.5, Table 2.2).
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Figure 2.5: Methods for experiments in which human AMs were stimulated with SARS-CoV-2
antigens.

2.3.7 Infection of Macrophages with SARS-CoV-2

We worked in collaboration with Professor Andrew Bowie and Dr. Hossam Gewaid from
the Trinity Biomedical Science Institute (TBSI) to infect AMs with live SARS-CoV-2 in a
containment level 3 laboratory at their institute. Human AMs were retrieved and selected
as described in section 2.1.2. Experiments using live SARS-CoV-2 (sections 2.3.7.1-

2.3.7.8)were done by Dr. Gewaid as follows:
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2.3.7.1 Cell Cultures:

HEK-Blue IFN-a/B reporter cells were purchased from InvivoGen and grown in DMEM,
supplemented with 10% FBS (v/v), 10 pg/ml penicillin-streptomycin, Blasticidin (30
ug/ml), Zeocin (100 pg/ml) and Normocin (100 pg/ml). Vero E6 Cells were a gift from Dr.
Kim Robert (Trinity College Dublin).

2.3.7.2 SARS-CoV-2 Propagation:

Vero E6 cells were seeded (1:3 ratio) and incubated in the growth media (DMEM, 10%
FBS, 1% Penicillin-streptomycin (Pen/Strep)), until 80% confluency. Cells were then
washed with PBS on the day of infection. Ten pl of SARS-CoV-2 virus (delta variant;
B.1.617.2) was diluted into 10ml DMEM, containing 4% BSA and added into the cells, and
the flask was incubated for 90 minutes and shaken every 10 minutes. The inoculum was
removed and replaced with DMEM, 2% FBS, Pen/Strep. The culture medium was
collected 48- and 72-hours post-infection, passed through a 0.45 um filter, aliquoted, and
kept at -80 °C.

2.3.7.3 Infection with SARS-CoV-2:

AMs isolated were infected with SARS-CoV-2 virus (at 0.01, 0.1, 1, or 5 MOI, diluted in 2%
FBS RPMI). The inoculum was removed after 1 hour, and cells were washed twice with
PBS and fresh media were added to the cells. Supernatants were collected at 48 hours
post-infection and divided into two parts. One part was kept at -80 °C for plaque assay
while the other part was decontaminated by ultraviolet cross-linking and then kept at
-20 °C for ELISA analysis. The cells were washed with PBS and TRIZOL was added to each
well and kept at -80 °C for RNA extraction (Table 2.2).

2.3.7.4 Generation of RNA Transcript Standard for RT-qPCR:

Standard RNA used in the quantification of SARS-CoV-2 RNA genome copy numbers by
RT-gPCR was synthesised and quantified as previously described (337). In brief, extracted
RNA (using TRIZOL) from SARS-CoV-2-infected Vero E6 cells was used as a template for
cDNA synthesis using SuperScript Il and reverse primer (N-Std-Rev,
TGTCTCTGCGGTAAGGCTTG). cDNA was used as a template for N gene amplification using
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N-St-Rev primer and the forward primer (N-Std-T7-Fwd,
TAATACGACTCACTATAGGGGAATTGTGCGTGGATGAGGC). After gel electrophoresis, the
PCR product was purified using QlAquick PCR Purification Kit (Qiagen). The purified
template was in vitro transcribed using Megascript T7 kit (ThermoFisher Scientific). In
vitro transcribed RNA product was purified using Qiamp Viral RNA extraction kit (Qiagen).
Extracted RNA was quantified using nanodrop and the number of viral RNA copies/ul was

calculated using Avogadro’s number as previously mentioned (337).
2.3.7.5 SARS-CoV-2 RNA Quantification by RT-qPCR Assay:

SARS-CoV-2 RNA quantification by RT-gPCR assay was performed using QuantiNova Probe
RT-PCR kit (Qiagen) in a LightCycler 480 real-time PCR system (Roche, Basel, Switzerland).
The total reaction mixture was 20 pL reaction mixture containing 10 pL of 2x QuantiNova
Probe RT-PCR Master Mix (Qiagen), 0.2 uL of QuantiNova Probe RT-Mix (Qiagen), 1.6 uL
each of forward and reverse primer, 0.4 pL of 10 uM probe, and 6.2 pL of extracted RNA
or 10 times serially diluted standard as template. The reactions were incubated at 45 °C
for 10 minutes, 95 °C for 5 minutes for denaturation, followed by 45 cycles of 95 °C for 10

seconds and 60 °C for 30 seconds.

2.3.7.6 IFN-I Bioassay:

Collected supernatants, diluted (1:5) in the test medium (DMEM, 10% FBS, 50 units/ml
penicillin, 50 pg/ml streptomycin, 100 pg/ml normocin), and IFN standard (10 times
diluted) were added in 20ul/well in 96 well plate. HEK-Blue IFNa/p reporter cells were
seeded (180ul/well) at 2.8 x 10° cells/ml in 96-well plates containing diluted supernatant,
standard and blank, and incubated at 37 °C for 20-24 hours. Secreted SEAP activity that
reflects INF-I activity was analysed by QUANTI-Blue (Invivogen), and absorbance was

measured at 620 nm.
2.3.7.7 Plaque Assay for Titration of SARS-CoV-2:

To titrate the SARS-CoV-2 virus stock or the virus in the supernatants of SARS-CoV-2-
infected AM cells, Vero E6 cells were seeded into a 12-well plate at a density of 3 x 10°

cells per well. The next day, the cells were incubated with 8 serial 10-fold dilutions (in
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DMEM, 2% FBS) of the virus stock or the virus in the collected supernatants from AM-
infected cells (200 pl volume per well) for 90 min. at 37°C, overlaid with 2ml|
carboxymethyl cellulose 1%/well and incubated at 37 °C for 72 hours. The cells were fixed
with 8% paraformaldehyde (4% final concentration) and incubated for at least 1 hour at
room temperature and then stained with 0.1% crystal violet. The number of plaques was

counted, and the virus titre was calculated.

2.3.7.8 RNA Analysis by RT-qPCR:

Genes expression was analysed as described previously (338). Total RNA was extracted
from cells using Direct-zolTM RNA Miniprep (Zymo Research) and reverse transcribed
with random hexamers (IDT) using SuperScript lll (Invitrogen) according to the
manufacturer’s instructions. Relative expression of mRNA was quantified with SYBR
Green using primer pairs targeting IFNL1, IFNL2/3, IL6, IL-1B, and TNFa. Relative mRNA

2—AACt

expression was calculated using the method, normalising the gene of interest to the

housekeeping gene B-actin, and analysing the data as fold induction compared to that of

the control sample.

2.3.7.9 Analysis of Secreted Cytokines Following SARS-CoV-2 Infection:

Supernatant was transported back to our laboratory, where we carried out the secreted

cytokine analyses using an MSD multisport assay, as described in section 2.5.1.
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Infection/Stimulation

Mycobacteria
M. tuberculosis (H37Ra)

M. tuberculosis (irradiated H37Rv)

M. chimaera

M. abscessus

SARS-CoV-2
Spike Protein
Envelope Protein

SARS-CoV-2

TLR ligands
LPS

Pam3CSK4

Cat. #

ATCC 2517

NR-49098
44623

ATCC 19977

10549-CV
RP01263

L5418

tlrl-pms

MOI/Conc. Duration

(Unless otherwise stated)

1-2 (CFUs) 0, 2, 5 days
1-10 (Others) 24 hours
5-10 (Seahorse) 3 hours
1-2 (CFUs) 0, 2, 5 days
5-10 (Seahorse) 3 hours
1-2 (CFUs) 0, 18 hours
5-10 (Seahorse) 3 hours

1 pg/ml 24 hours
1 pg/ml 24 hours
0.01-5 48 hours
100 ng/ml 24 hours
1, 2.5 pg/ml 24 hours

Table 2.2: Macrophage infections and stimulations.
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2.4 Assessment of Macrophage ATRA Production and Transport Genes
2.4.1 Gene Expression Analysis

The gene expression of enzymes needed to oxidise retinol to retinal, enzymes needed to
oxidise retinal to ATRA, ATRA carrier proteins and degradation enzymes was assessed at
24 hours post-infection or stimulation. The media was removed and the cells were
washed once with PBS. Cells were lysed in Buffer RLT Plus containing B-mercaptoethanol
(RNeasy Plus Mini kit, QIAGEN), according to the manufacturer’s instructions, and then
scraped from the plate. RNA extraction was performed using the RNeasy Plus Mini Kit
(QIAGEN), and cDNA was generated using the RevertAid First Strand cDNA Synthesis Kit

(Thermo Scientific).

Quantitative PCR (qPCR) was performed using TagMan primers for oxidation enzymes
(DHRS3, DHRS9, RDH10, ALDH1a1, ALDH1a2, ALDH1a3 and ALDH3b1), carrier proteins
(CRABP1, CRABP2 and FABP5) and degredation enzymes (CYP26A1, CYP26B1)
(ThermoFisher). Data were normalised to B-actin (ACTB) (ThermoFisher) expression. The
messenger RNA (mRNA) expression of the genes of interest in infected and/or treated
macrophages relative to uninfected, untreated macrophages was calculated using the
2722 method. All genes were probed in MDMs. In AMs, a candidate approach was

adopted, and only DHRS9, ALDH1a1, ALDH1a2, ALDH1a3, CRABP2 and FABP5 were
probed (Table 2.3).
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Gene

Oxidation of Retinol to Retinal

DHRS3
DHRS9
RDH10

Oxidation of Retinal to ATRA

ALDH1al
ALDH1a2
ALDH1a3
ALDH3b1

ATRA Carrier Proteins

CRABP1
CRABP2
FABP5

ATRA Degradation Enzymes

CYP26A1
CYpP26B1

Glycolysis
HK2

PFKFB3
PKM
GAPDH

Housekeeping
ACTB

Supplier

ThermoFisher
ThermoFisher

ThermoFisher

ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

ThermoFisher
ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

ThermoFisher

Cat#

Hs00191073_m1
Hs00608375_m1
Hs00416907_m1

Hs00946916_m1
Hs00180254_m1
Hs00167476_m1
Hs00997594 m1l

Hs01011034_m1
Hs00275636_m1
Hs02339439 gl

Hs00175627_m1

Hs01011223 m1

Hs00606086_m1
Hs00998698_m1
Hs00761782_s1

Hs99999905_m1

Hs99999903_m1

Dye

FAM-MBG
FAM-MBG
FAM-MBG

FAM-MBG
FAM-MBG
FAM-MBG
FAM-MBG

FAM-MBG
FAM-MBG
FAM-MBG

FAM-MBG
FAM-MBG

FAM-MBG
FAM-MBG
FAM-MBG
FAM-MBG

FAM-MBG

Table 2.3: TagMan primers used for PCR.
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2.4.2 Western Blotting

In separate experiments, MDM lysates were used for Western Blot to characterise the
protein expression of DHRS9, ALDH1a1, ALDH1a2, ALDH1a3. After experimental
treatment the medium was removed from the plates and replaced with sodium dodecyl
sulphate (SDS) lysis buffer (50mM Tris/HCI, pH 6.8 (Sigma-Aldrich), 2% SDS (Sigma-
Aldrich), 10% glycerol (Scharlau) containing Pierce protease inhibitors (+ EDTA, 100
ul/ml). The protein lysate was scraped from the plates and heated to 95 °C for 10 minutes
to inactivate proteases. Equal amounts (5ug) of the lysates were subjected to SDS
polyacrylamide gel electrophoresis (SDS-PAGE) using 10% Tris glycine gels and a Criterion
Electrophoresis Cell (Bio-Rad). A Criterion blotter (Bio-Rad) was used to transfer the
separated proteins to a 0.2um (pore size) polyvinylidene fluoride membrane (Immun-Blot

PDVF membrane; Bio-Rad, Hercules, CA).

The membranes were blocked with 5% milk powder (Marvel) in Tris-buffered saline with
Tween-20 (0.1% (v/v)) (TBST) at room temperature for one hour. Subsequently, the
immunoblot was incubated with purified mouse anti-human DHRS9 (1:1000) (Sigma-
Aldrich), mouse anti-human ALDH1al (1:1000) (Invitrogen), rabbit anti-human ALDH1a2
(1:2000) (Invitrogen) and ALDH1a3 (1:1000) (Invitrogen) at 4 °C overnight in 5% milk and
TBST. B-actin was used as a loading control and detected using mouse anti-human B-actin
(1:1000) (Sigma-Aldrich). This was followed by washing (x4 in TBST) followed by
incubation with secondary goat anti-mouse (1:5000) (Millipore) or anti-rabbit I1gG
horseradish peroxidase conjugated antibody (1:2000) (Cell Signalling Technology) in 5%
milk and TBST for one hour. The immunoblot signals were developed using enhanced
chemiluminescence (Advansta, Sirius (for DHRS9, ALDH1a1, ALDH1a2, ALDH1a3) or
ThermoFisher, West Pico (for B-actin)) and further visualised using a Chemiluminescence
imaging system (Fusion FX). Blots were stripped between probes with Restore PLUS

Western Blot Stripping Buffer (Thermo Fisher Scientific (Life Technologies)).
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2.5 Macrophage functional analyses

2.5.1 Cytokine Analyses

The concentrations of cytokines secreted by macrophages were measured using a Meso
Scale Discovery multiplex analyser (MD, USA). Supernatant was collected at 48 hours
post-infection with M. tuberculosis (H37Ra) and M. chimaera, 18 hours post-infection
with M. abscessus and 24 hours post-stimulation with SARS-CoV-2 antigens and TLR
ligands. The following cytokines were assessed using a 7-plex multi-spot assay (Human

Prolnflammatory 7, K15008B-02): IFNy, IL-1B, IL-6, IL-8, IL-10, IL-12p70 and TNFa.

The assay was performed according to the manufacturer's instructions. Briefly, a standard
curve (range 2.4 - 10,000 pg/ml) was prepared by four-fold dilution of a 10 pg/ml solution
of Calibrator 2 mix and the IFNy calibrator in Diluent 1. Then 25 pl of calibrator or sample
was pipetted into separate wells of a 96 well T-plex MSD plate. The sealed plate was
shaken on a microplate shaker (Cellestis, Victoria, Australia) for 1 hour at room temp and
then incubated overnight at 4 °C. Detection Antibody Solution was diluted in Diluent 100,
25 ul added to each well and the plate was incubated for 2h at room temperature on the
shaker. The plate was washed 3 times with PBS containing 0.05% Tween and, using
reverse pipetting to avoid bubbles, 150 ul of 2X Read Buffer T was added to each well.
The plate was read on a MESO Quick Plex SQ 120MM instrument, and the results were

analysed using MSD Discovery 4.0 Workbench Analysis software.

For chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) experiments, in which MDMs were infected with M. tuberculosis, the
cytokine secretions of RARI-treated macrophages were compared with DMSO-treated

control cells.

For chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) experiments, in which THP-1 macrophages were infected with M.
chimaera or M. abscessus, the cytokine secretions of ATRA-treated macrophages were

compared with DMSO-treated control cells.
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For chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) experiments, in which alveolar macrophages were stimulated with
SARS-CoV-2 spike protein or envelope protein, the cytokine secretions of TLR2 or TLR4
antibody-treated macrophages were compared with isotype control antibody-treated
cells. In addition, the cytokine secretions from macrophages originating from donors over

the age of 75 were compared with those from patients under the age of 75.

2.5.2 Cholesterol Assay

The intracellular concentration of cholesterol within macrophages was measured using
the Cholesterol/Cholesterol Ester-Glo assay (Promega). THP-1 macrophages,
differentiated in a 96-well plate (Corning Costar), were treated with ATRA or DMSO as a
control and infected with M. chimaera or M. abscessus or uninfected as before. 24 hours
following infection, the media was removed, and the cells were washed twice with 100pl
of PBS. 50ul of Cholesterol Lysis Solution (Promega) was added per well. The plate was
briefly shaken on a plate shaker and then incubated for 30 minutes at 37 °C. 25 ul of each
sample was then added to a well of an opaque, white-walled 96-well plate. 25ul of
Cholesterol Detection Reagent with Esterase (Promega) was also added to each well.
Again, the plate was briefly shaken and then incubated for 1 hour at room temperature.
The luminescence was recorded on a plate-reading luminometer, and the total
cholesterol concentration was calculated by comparison of the luminescence of samples
and standards prepared under the same conditions. The intracellular cholesterol
concentration was compared between ATRA-treated and DMSO-treated infected

macrophages.

2.5.3 Intracellular Bacillary Killing Assay

An intracellular bacillary killing assay (CFU assay) was used to measure mycobacterial
growth. A CFU assay was undertaken to understand if human MDMs depend on the

signalling of endogenously produced ATRA to kill M. tuberculosis. MDMs were treated
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with a RARI (Ro 41-5253) or DMSO and infected with H37Ra as before. Colony-forming
units (CFUs) were assessed at 0 hours, 48 hours and 120 hours. A CFU assay was also
undertaken to understand if ATRA is an effective host-directed therapy for macrophages
infected with NTMs in vitro. THP-1 macrophages were treated with ATRA or DMSO and
infected with M. chimaera or M. abscessus as before. CFUs were assessed at 0 hours, 48
hours and 120 hours for M. chimaera (same timepoints as slow-growing Mtb); and at 0
hours and 18 hours for M. abscessus (339). In each case, the CFU was determined as
follows: Macrophages were lysed with 0.1% Triton-X (Sigma-Aldrich; T9284) and pooled
with bacterial pellets (at all except the first timepoint, when the medium was discarded
to exclude extracellular bacteria) from the centrifugation of supernatants. Bacteria were
diluted in Middlebrook 7H9 broth (same as for propagation of M. tuberculosis, described
above) and plated onto Middlebrook 7H10 agar (Difco; 262710) containing 10%
Middlebrook OADC enrichment (Difco; 211886), 1g/I L-asparagine (Sigma-Aldrich; A4159),
0.5% glycerol (Difco; 228220) and 0.05% cycloheximide (Sigma-Aldrich; C09341).

CFU counts were performed 21 days post-incubation at 37 °C for M. tuberculosis and M.

chimaera, and at 14 days post-incubation for M. abscessus.

The number and fold changes of CFUs was compared between treated and control

macrophages.

2.5.4 Axenic Culture Assay

In addition to assessing intracellular growth, an axenic culture assay was performed to
understand if ATRA directly kills M. chimaera or M. abscessus, in the absence of
macrophages. For these axenic culture experiments, 500 pL of BACT/ALERT
Mycobacterial Antimicrobial Supplement (Biomérieux; 414997) was injected into
BACT/ALERT MP Culture Bottles (Biomérieux; 419744). This was followed by 500 uL of
either ATRA (final concentration 10 uM), DMSO or clarithromycin (final concentration 4
ug/ml). Finally, 500 pL of M. abscessus or M. chimaera preparation were injected into

each BACT/ALERT MP culture bottle. The bottles were incubated in a BACT/ALERT 3D
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Automated Microbial Detection System (Biomérieux). The time to reach positivity was

recorded and compared between conditions.

2.5.5 Cell Viability

The viability of human MDMs treated with Ro 41-5253 (concentrations: 10uM, 2uM,
0.4uM and 0.08uM) was assessed at 24 hours and 96 hours post-treatment. The viability
of THP-1 macrophages infected with M. abscessus (at a ‘Low MOV’ of 1-2 bacilli per cell or

a ‘High MOV’ of 4-6 bacilli per cell) was assessed at 24 hours post-infection.

To measure cell viability, the plasma membrane integrity of cells was assessed using the
propidium iodide (PI) exclusion method (Pl concentration 5ug/ml), and the nuclei were
counterstained with Hoechst (Hoechst 33258 at 50ug/ml and Hoechst 33342 at 20ug/ml)
(340). Cycloheximide (100pug/ml) (Sigma-Aldrich) was used as a positive control. The
number of Pl-positive cells relative to the total number of nuclei per field was counted by
automated fluorescence microscopy using the Lionheart FX Automated Microscope
(Agilent) and Gen5 software (Biotek). Each condition was assayed in triplicate, and four

fields were counted in each well.

2.6 Metabolic Analyses

2.6.1 Assessment of Mitochondrial Function using the Mito Stress Test

The mitochondrial function of human MDMs treated with RARIs, Metformin, ATRA or
DEAB was assessed using a Seahorse XF Mito Stress Test assay (Agilent), as per the
manufacturer’s instructions. DMSO was used as a vehicle control for RARIs, ATRA and
DEAB. MDMs were plated onto XF24 Seahorse Cell Culture Plates (Agilent) and treated as
described above. The XFe/XF24 sensor cartridges were pre-hydrated overnight at 37 °Cin
a non-CO; incubator with Seahorse calibrant (Agilent). The media in the XF24 Seahorse
Cell Culture Plates was replaced with Seahorse medium and incubated for 45-60 minutes

at 37 °Cin a non-CO; incubator as per the manufacturer’s instructions (341). The
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extracellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were measured by the Seahorse XFe24 Analyzer (Seahorse Biosciences, Agilent
Technologies United Kingdom Ltd.) at regular intervals as per the default Mito Stress Test
programme. OCR is correlated with mitochondrial respiration and ECAR is correlated with
the production of lactate — the downstream product of glycolysis. Measuring the OCR and
ECAR in real-time can therefore indicate how cells use energy over time and in response
to stimulation or pharmacological intervention. The Mito Stress Test allows for the
interrogation of mitochondrial function by sequentially injecting inhibitors of specific

parts of the mitochondrial electron transport chain (ETC) (Figure 2.6, 2.7).

Oligomycin blocks complex V (ATP synthase) of the electron transport chain (ETC) and
reduces the OCR that is related to ATP production. Oligomycin was loaded into ‘port A’ of
the XFe/XF24 sensor cartridge and injected after the 3rd OCR measurement into the plate
wells by the Seahorse analyser at a final concentration of 1 uM. Carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) disrupts the mitochondrial membrane
potential, which causes the flow of electrons through the ETC to be uninhibited — OCR is
increased to its maximum. FCCP was loaded into ‘port B’ and injected after the 6" OCR
measurement, at a final concentration of 1 uM. Rotenone blocks complex | and antimycin
A (AA) blocks complex Ill of the ETC. The combination (R/AA) completely stops the ETC,
and any ongoing oxygen consumption is the result of extra-mitochondrial processes.
R/AA was loaded into ‘port C’ and injected after the 9™ OCR measurement, at a final
concentration of 1 uM. Results were normalised to cell seeding density using a crystal

violet assay as is described below (Figure 2.6, 2.7).

The measures of mitochondrial function and the equations for their derivations from

Mito Stress Test OCR readouts are listed in Table 2.4.
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Parameter Equation

Non-mitochondrial OCR Minimum OCR after R/AA injection

Basal respiration [OCR just before Oligomycin] - [Non-mitochondrial OCR]
Maximal respiration [Maximum OCR after FCCP] - [Non-mitochondrial OCR]

Proton leak [Minimum OCR after Oligomycin] - [Non-mitochondrial OCR]
ATP production [OCR just before Oligomycin] - [Minimum OCR after Oligomycin]
Spare respiratory capacity [Maximal respiration] - [Basal respiration]

Spare respiratory capacity (%) [Maximal respiration] / [Basal respiration] x 100

Table 2.4: Mitochondrial function parameters and equations for their derivation from Mito Stress
Test OCR readouts (341).
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Figure 2.6: Mito Stress Test reagents mechanisms of action. Figure credit: Agilent (341).
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Figure 2.7: Mito Stress Test — representative graph of OCR and derivation of the measures of
mitochondrial function (basal respiration, maximal respiration, spare respiratory capacity etc.).
Figure credit: Agilent (341).

2.6.2 Assessment of Metabolic Flux During Acute Infection or Stimulation

In addition to assessing mitochondrial function in uninfected macrophages, the real-time
metabolic responses of macrophages during an acute infection or stimulation were
assessed (hereafter referred to as ‘acute infection experiments’). The metabolism of
RARI-, DEAB- and metformin-treated MDMs was assessed in response to an acute
stimulation with M. tuberculosis (iH37Rv). In other experiments the metabolism of ATRA-
treated AMs was assessed in response to an acute infection with M. chimaera or M.

abscessus. The MOI used in these ‘acute infection experiments’ was 5-10 bacilli per cell.

In ‘acute infection experiments’, macrophages were treated for 2 hours before the non-
CO; incubation in Seahorse medium step. This Seahorse medium also contained the
treatments, which remained in situ for the duration of experimentation and were present
at the moment of infection or stimulation. As before, DMSO was used as a vehicle control
for RARI-, DEAB- and ATRA-treated macrophages. At least three baseline OCR and ECAR
measurements were taken prior to infection or stimulation, and OCR and ECAR

measurements were repeatedly taken for at least two hours following infection or
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stimulation (measurement interval for H37Ra experiments was 10 minutes, for NTM
experiments was 7 minutes). Results were normalised to cell seeding density using a

crystal violet assay as is described below.

2.6.3 Assessment of Metabolic Flux During Treatment with RARI and/or ATRA

To demonstrate that any metabolic effects of ATRA are being mediated through its
nuclear receptor, and not through off-target effects, Seahorse experiments were
undertaken in which THP-1 macrophages were sequentially injected with the RARI, Ro-
41-5253 and then with ATRA. A tailored programme was used in these experiments as
follows: three baseline ECAR and OCR readings were taken before the first injection (Ro-
41-5253 or DMSO). ECAR and OCR readings continued for two hours before the second
injection (ATRA or DMSQ), and then readings continued for a further two hours
(measurement interval was 8 minutes). Results were normalised to cell seeding density

using a crystal violet assay as is described below.

2.6.4 Normalisation using Crystal Violet Assay

Upon completion of a Seahorse experiment, the Seahorse medium was removed, and the
cells were fixed with 4% PFA. The PFA was then removed and the cells washed twice with
PBS. 0.1% crystal violet was added to the wells for 30 minutes at room temperature, then
discarded and the plate washed gently with water. The plate was allowed to air dry. 50 pl
of 1% Triton-X (Sigma-Aldrich; T9284) solution was added to each well and the plate was
put on a plate shaker for 15 minutes. The solution from each well was transferred to the
wells of a new 96-well plate (Corning Costar). Absorbance was read at 590 nm and the
absorbance values were used to normalise metabolic readings measured by the Seahorse

analyser.
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2.6.5 Glycolytic Gene Analyses

The expression of glycolytic genes in RARI-treated or untreated MDMs was assessed at 3-
and 48-hours post-infection. As before, the media was removed and the cells were
washed once with PBS. RNA extraction was performed using the RNeasy Plus Mini Kit
(QIAGEN), and cDNA was generated using the RevertAid First Strand cDNA Synthesis Kit

(Thermo Scientific).

Reverse transcriptase quantitative PCR (RT-gPCR) was performed using TagMan primers
for glycolytic enzymes (HK2, PFKFB3, PKM, GAPDH) (ThermoFisher). Data were
normalised to B-actin (ACTB) (ThermoFisher) expression. The mRNA expression of the
genes of interest in infected and/or RARI-treated macrophages relative to uninfected,

untreated macrophages was calculated using the 2722t method for each timepoint.

2.7 Statistical Analysis

All data were analysed, and graphs generated using GraphPad Prism software (version
9.5.0) (GraphPad Software, LLC.). Statistically significant differences between two groups
were determined using two-tailed, unpaired student t tests, or paired student t tests.
Where three or more groups were compared a one-way ANOVA was used, or a two-way
ANOVA if more than one variable within each group was being compared, using repeated
measures where appropriate. Corrections for multiple comparisons were performed as
appropriate. Results are expressed as mean * standard error of the mean (SEM). A p

value < 0.05 was considered statistically significant.
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Chapter 3

3 Endogenous Macrophage ATRA Production and

Mycobacterium tuberculosis

3.1 Introduction

Despite the ambitious goal to ‘End-TB’, in 2021 the global incidence of TB and the global
mortality from TB increased. The number of multidrug-resistant TB (MDR TB) cases is
increasing. A minority of such MDR TB patients are diagnosed and enrolled in treatment,
though treatment is not successful in forty percent of cases (4). All trans retinoic acid
(ATRA), the active metabolite of vitamin A, has been identified as a promising candidate

for a novel host-directed therapy (HDT) for TB (134).

Prospective epidemiological studies indicate a 10-fold higher relative risk of TB in those
with vitamin A deficiency (VAD), and an association between serum retinol and TB-risk
exists even in those who are vitamin A sufficient (342). Laboratories, including our own,
have demonstrated that exogenous ATRA improves the ability of human monocyte-
derived macrophages (MDMs) and alveolar macrophages (AMs) to kill Mycobacterium
tuberculosis (Mtb) in vitro (118,131,132). ATRA’s mechanisms of action include, among
others, an increase in cholesterol efflux (132), improved phagosome-lysosome fusion
(131,140), a reduction of intracellular iron (141) and improved cytokine responses
(134,137). We and others have shown that exogenous ATRA reduces bacillary burdens

and pathology in animal models of TB infection (134-137).

Despite the promising epidemiological, in vitro and in vivo evidence supporting vitamin
A’s use as a HDT for TB, human trials of adjunctive retinol have failed (343). Retinol is the
circulating form of vitamin A but is itself biologically inert; and its active metabolite —
ATRA — must be produced intracellularly. Firstly, retinol is reversibly oxidised to retinal by
short-chain dehydrogenases (e.g. DHRS3, DHRS9) or alcohol dehydrogenases (e.g.
RDH10). Secondly, retinal is irreversibly oxidised to ATRA by members of the aldehyde
dehydrogenase 1a enzyme family (ALDH1a1, ALDH1a2, ALDH1a3) (344). Niu et al.
reported that ALDH3b1 is also capable of synthesising ATRA. The variable, cell-specific
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expression of the ALDH enzymes determines which tissues are capable of producing ATRA
(345). ATRA must then be delivered to its nuclear receptors by carrier proteins CRABP2 or

FABP5 before it can alter the transcription of its target genes (346) (Figure 1.4).

DHRS9 is known to be expressed in human ‘regulatory macrophages’ (monocytes
differentiated to macrophages with M-CSF and stimulated with IFNy) (347). ALDH1al and
ALDH1a2 are known to be expressed in human intestinal macrophages (348,349).
Otherwise, it is unknown which specific enzymes needed to produce ATRA are expressed
in human MDMs or human AMs. Also unknown is what effect Mtb infection has on the
expression of these enzymes and the carrier proteins needed to transport ATRA to its

nuclear receptors.

While the evidence for the beneficial effects of exogenous ATRA at pharmacological
concentrations on macrophage responses to Mtb is strong, data indicating the relevance
or irrelevance of endogenously produced ATRA in macrophage responses to Mtb are
lacking. Our laboratory published the first evidence that the initiation of glycolytic
metabolism by human MDMs was crucial for them to effectively respond to infection
with Mtb (38). Data exist linking exogenous ATRA with macrophage glycolytic responses
to LPS, and with macrophage cytokine responses that are dependent on ATRA-induced
glycolysis (144). However no data exist to indicate whether the signalling of endogenously

produced ATRA influences macrophage metabolic responses to Mtb infection.

We aimed to examine the relationships between endogenous vitamin A pathways and
macrophage responses to Mtbh. We hypothesised that human MDMs and AMs express
the enzymes needed to produce ATRA, and the carrier proteins needed to deliver ATRA
to its nuclear receptors. We now show that these enzymes and carrier proteins are
present and that they have reduced expression as a result of Mtb infection — possibly
impairing the production and delivery of ATRA during infection. Finally, we show that
blocking the signalling of endogenously produced ATRA is detrimental to human

macrophage responses to Mtb.
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3.3 Aims and Hypotheses

Overall Aim

To examine the relationships between endogenous vitamin A pathways and macrophage

responses to Mtb infection.

Specific Aims

Aim 1: To determine the effect of Mtb infection on human macrophage vitamin A

pathways.

Research Question 1: What vitamin A oxidising enzymes and ATRA carrier proteins are
expressed in human macrophages, and what is the effect of Mtb infection on their

expression?

Hypothesis 1: Human macrophages express the enzymes needed to produce ATRA from
retinol and the carrier proteins needed to deliver ATRA to its nuclear receptors. Their

expression is reduced by Mtb infection.

Aim 2: To determine the effects of endogenously produced ATRA on macrophage

responses to Mtb infection.

Research Question 2: What is the effect of blocking the signalling of endogenously
produced ATRA on human macrophage metabolic and cytokine responses to Mtb, and

their ability to kill Mtb?

Hypothesis 2: Blocking the signalling of endogenously produced ATRA prevents the switch
to glycolytic metabolism by human MDMs following infection with Mtb, alters their

cytokine responses and impairs their ability to kill Mtb.
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3.4 Results

3.4.1 Human MDMs and AMs express vitamin A oxidation enzymes and carrier

proteins

Apart from evidence of DHRS9 expression in human ‘regulatory macrophages’ (347) and
of ALDH1al and ALDH1a2 expression in human intestinal macrophages (348,349), it is
unknown whether and which vitamin A-oxidising enzymes are expressed in human MDMs
and AMs. While our group have published indirect evidence that human MDM can oxidise
exogenous retinol to ATRA (131), others have suggested that human macrophages do not
express vitamin A-oxidising enzymes (350). We aimed to identify which vitamin A-

oxidising enzymes are expressed by human MDM and AMs, if any.

MDMs and AMs were obtained and cultured as described in sections 2.1.1 and 2.1.2. The
MRNA expression of enzymes that oxidise retinol to retinal (DHRS3, DHRS9 and RDH10)
and of enzymes that oxidise retinal to ATRA (ALDH1al, ALDH1a2, ALDH1a3 and ALDH3b1)
were analysed using RT-qPCR, and their relative expression was calculated as a fold
change versus the housekeeping gene ACTB (B-actin) using the AACt method (as
described in section 2.4.1). Uninfected human MDMs had evidence of mRNA expression
for each of the genes probed (DHRS3, DHRS9, RDH10, ALDH1a1, ALDH1a2, ALDH1a3 and
ALDH3b1) (Figure 3.1 A). Using a candidate approach in AMs, we probed for the mRNA
expression of DHRS9, ALDH1al, ALDH1a2 and ALDH1a3 and found that they were
expressed in uninfected AMs (Figure 3.1 B). We then examined the protein expression of
the enzymes DHRS9, ALDH1al, ALDH1a2 and ALDH1a3 in MDMs by Western Blot (as
described in section 2.4.2). We observed the protein expression of these enzymes in
MDMs (Figure 3.3 A). From this we conclude that uninfected human MDMs and AMs are

capable of oxidising retinol to ATRA.

It has been suggested that the expression of ATRA carrier proteins, and not the
production of ATRA itself, is the rate-limiting step in ATRA’s activation of its nuclear
receptors (351) . CRABP2 is expressed in human MDMs and AMs (352,353). FABP5S is
expressed in human monocytes and in macrophages from preterm neonatal lung autopsy

specimens (354,355). However, there are no data relating to the expression of FABP5 in
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adult human MDMs and AMs. We performed RT-gPCR for CRABP2 and FABP5 mRNA
expression in human MDMs and AMs and found that both CRABP2 and FABP5 were
expressed in uninfected MDM and AM (Figure 3.2). Human macrophages are therefore
capable of transporting endogenously produced ATRA to its nuclear receptors. The
expression of CRABP1, which preferentially targets ATRA for degradation by cytochrome
P450, was not detected in MDMs or AMs, nor were the ATRA degradation enzymes
CYP26A1 and CYP26B1 (data not shown).

3.4.2 Mtb infection reduces the expression of vitamin A oxidation enzymes and

carrier proteins

DHRS9 and ALHD1a2 have reduced expression in caseous granulomatous tissue from TB
patients and ALDH1a2 is reduced in lung homogenates in a rabbit model of TB infection
(350). Murine intestinal macrophages show reduced ALDH expression following infection
with the nematode Trichuris muris (356). We wondered whether the enzymes
responsible for ATRA production, that we found to be expressed in human MDMs and
AMs, have reduced expression as a result of infection with Mtb. The mRNA and protein
expression of the vitamin A oxidising enzymes examined in section 3.4.1 were also
analysed in, and compared with, MDMs and AMs infected for 24 hours with Mtb (H37Ra

at an MOI of 1-10 bacilli/cell, unless otherwise stated).

In MDMs, DHRS3, DHRS9, RDH10, ALDH1al and ALDH1a2 had reduced mRNA expression
as a result of Mtb infection (Figure 3.1 A). ALDH1a3 and ALDH3b1 were unchanged by
Mtb infection. In AMs infected at a low MOI (1-5 bacilli/cell), DHRS9 had reduced mRNA
expression (Figure 3.1 B). In AMs infected at a high MOI (5-10 bacilli/cell), DHRS9 and
ALDH1a3 had reduced mRNA expression (Figure 3.1 B). ALDH1al and ALDH1a2 were
unchanged in AMs infected with Mtb versus their uninfected controls. A decrease in
DHRS9, ALDH1al, ALDH1a2 and ALDH1a3 protein expression was also evident in Mtb
infected MDMs analysed by Western Blot (Figure 3.3 A). These data indicate that the
enzymes required to produce ATRA from retinol are expressed in human MDMs and AMs,

however their expression is reduced by Mtb infection.

114



We next sought to understand if this effect was specific to Mtb infection, or a more
general response to infection. LPS stimulation was used as a model of gram-negative
bacterial infection. In MDMs, we probed for DHRS9 and ALDH1a2 mRNA expression 24
hours following LPS stimulation and found that LPS stimulation resulted in a reduction in
the expression of DHRS9 but not ALDH1a2. In AMs we probed for DHRS9, ALDH1a1l and
ALDH1a2 mRNA expression 24 hours following LPS stimulation and found that DHRS9
expression, but not that of ALDH1a1 or ALDH1a2, was reduced by LPS stimulation. These
data suggest that the reduction in expression of vitamin A-metabolising enzymes is not

specific to Mtb infection but is a more general effect of infection (Figure 3.1 C, D).

We then wondered whether the delivery of ATRA to its nuclear receptors by its carrier
proteins, CRABP2 and FABP5, might also be impaired by Mtb. Indeed, we found that both
CRABP2 and FABP5 had reduced mRNA expression in human MDM infected with Mtb
versus their uninfected controls (Figure 3.2 A). While in AMs, the mRNA expression of
these carrier proteins was not reduced by Mtb infection, their expression was reduced
following stimulation with LPS. These data indicate that in addition to impaired
macrophage production of ATRA, the delivery of ATRA to its nuclear receptors may also

be impaired in infection (Figure 3.2 B,C).
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Figure 3.1: Mtb infection reduces the expression of enzymes needed to oxidise retinol to ATRA in
human macrophages. (A) Human MDMs were selected from PBMCs of healthy donors and then
infected for 24 hours with Mtb (H37Ra) at an MOI of 1-10 bacilli/cell or left uninfected. DHRS3,
DHRS9, RDH10, ALDH1a1, ALDH1a2, ALDH1a3 and ALDH3b1 mRNA expression was measured by

PCR (N=9-11). (B) Human AMs (N=7) isolated from BAL of donors undergoing routine

bronchoscopy were infected with Mtb (H37Ra) at a low or high MOI (1-5 or 5-10 bacilli/cell) or left
uninfected for 24 hours. The mRNA expression of DHRS9, ALDH1al, ALDH1a2 and ALDH1a3 was
measured by PCR. (C) MDMs were stimulated with LPS (100ng/ml) for 24 hours. DHRS9 and
ALDH1a2 mRNA expression was measured by PCR (N=4). (D) AMs (N=3) were stimulated with LPS
(100ng/ml) for 24 hours. DHRS9, ALDH1a1 and ALDH1a2 mRNA expression was measured by PCR.
Statistical comparisons made by paired t test (A, C, D) or one-way ANOVA (B).
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Figure 3.2: Mtb infection reduces the mRNA expression of the carrier proteins needed to deliver

ATRA to its nuclear receptors in human MDMs. (A) Human MDMs were infected with Mtb

(H37Ra) at an MOI of 1-10 bacilli/cell or left uninfected for 24 hours. The mRNA expression of both

ATRA carrier proteins, CRABP2 and FABP5, was measured by PCR (N=4). (B) Human AMs were

infected with Mtb (H37Ra) at a low or high MOI (1-5 or 5-10 bacilli/cell) or left uninfected for 24
hours. The mRNA expression of CRABP2 and FABP5 was measured by PCR (N=4,3,4). (C) Human

AMs were stimulated with LPS (100ng/ml) for 24 hours. The mRNA expression of CRABP2 and

FABP5 was measured by PCR (N=4). Statistical comparisons made by paired t test (A, C) or one-

way ANOVA (B).
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3.4.4 GM-CSF supports the expression of vitamin A oxidation enzymes during Mtb

infection

Recombinant GM-CSF, named sargramostim, is an FDA-licensed drug used in patients
following bone marrow transplantation, and is being investigated as a host-directed
therapy candidate for mycobacterial disease (357). Alveolar macrophages from GM-CSF
knockout mice have defective phagocytosis and bacterial killing (358). Published
literature also suggests that GM-CSF might support macrophage production of ATRA.
Yokota et al. found that GM-CSF induced the expression of ALDH1a2 in murine dendritic
cells (DCs) (359). Kim et al. found that GM-CSF induced the expression of DHRS9 and
ALDH1a2 in human DCs (350). We wondered if GM-CSF might also increase the
expression of DHRS9 and ALDH1a2 in Mtb-infected human MDM:s.

MDMs were pre-treated with GM-CSF for 24 hours before being infected for 24 hours
with Mtb (H37Ra at an MOI of 1-10 bacilli/cell) as described in sections 2.2.2 and 2.3.2.
The mRNA and protein expression of vitamin A oxidising enzymes was measured as
described in sections 2.4.1 and 2.4.2, respectively, comparing GM-CSF-treated with

untreated macrophages.

GM-CSF treatment prior to and during Mtb infection prevented the decrease in DHRS9
and ALDH1a3 mRNA expression caused by Mtb infection (Figure 3.3 B). Assessing the
protein expression of DHRS9, ALDH1a1, ALDH1a2 and ALDH1a3 in cell lysates confirmed
that GM-CSF pre-treatment increases the protein expression of these enzymes in GM-CSF
treated versus untreated human MDMs infected with Mtb (Figure 3.3 A). These data
support the candidacy of GM-CSF as a HDT for TB (perhaps by the inhaled route as was
trialled for pulmonary alveolar proteinosis (27)) as it may support endogenous

macrophage ATRA production during infection (Figure 3.3).
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3.4.5 IL-4 supports the expression of vitamin A oxidation enzymes during Mtb

infection

GM-CSF polarises macrophages to a classical M1 phenotype (360). Interestingly, there is
also evidence that IL-4, which polarises macrophages to an alternative M2 phenotype,
may also support ATRA production: ALDH1a2 expression was detected in alternatively
activated macrophages in murine liver during Schistosoma mansoni infection and IL-4
also induced its expression in peritoneal macrophages in vivo and in bone marrow
derived macrophages (BMDM) in vitro (234); ALDH1a-family enzyme induction by IL-4 has
been observed in human monocyte-derived dendritic cells (DCs) (173). We wondered
whether IL-4 also increased the mRNA and protein expression of vitamin A oxidising
enzymes in human MDMs, like GM-CSF. If so, GM-CSF’s support of vitamin A pathways is
likely independent of its effects on macrophage polarisation (complementing our finding

that LPS, an M1 polariser, impaired macrophage vitamin A pathways).

MDMs were pre-treated with IL-4 for 24 hours before being infected for 24 hours with
Mtb (H37Ra at an MOI of 1-10 bacilli/cell) as described in sections 2.2.2 and 2.3.2. The
mMRNA and protein expression of vitamin A oxidising enzymes was measured as described
in sections 2.4.1 and 2.4.2, respectively, comparing IL-4-treated with untreated

macrophages.

IL-4 treatment prior to and during Mtb infection prevented the decrease in DHRS3 mRNA
expression caused by Mtb infection and increased the mRNA expression of ALDH1a2 in
Mtb infected macrophages (Figure 3.3 C). IL-4 also appeared to increase the protein
expression of DHRS9, ALDH1al, ALDH1a2 and ALDH1a3 versus untreated human MDMs
infected with Mtb (Figure 3.3 A). From these data we conclude that GM-CSF’s support of

ATRA production is independent of any effects on macrophage polarisation.
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Figure 3.3: GM-CSF prevents the Mtb-induced reduction in macrophage expression of enzymes
needed to oxidise retinol to ATRA. (A) Western Blot: Human MDMs were infected with Mtb
(H37Ra) at an MOI of 1-10 bacilli/cell (condition 2) or left uninfected (condition 1). In two other
conditions, MDMs were pre-treated with IL-4 (20ng/ml) (condition 3) or GM-CSF (50ng/ml)
(condition 4) for 24 hours prior to infection with Mtb, and the treatment was continued for the
duration of the infection (24 hours). MDMs were lysed and a western blot was performed,
assessing the protein expression of DHRS9, ALDH1a1, ALDH1a2, ALDH1a3 and B-actin (ACTB)
(N=2). (B) MDMs were pre-treated with GM-CSF (50ng/ml) for 24 hours prior to infection with
H37Ra at an MOI of 1-10 bacilli/cell, and the GM-CSF treatment was continued for the duration of
the infection (24 hours). The mRNA expression of DHRS3, DHRS9, RDH10, ALDH1al, ALDH1a2,
ALDH1a3 and ALDH3b1 was measured using PCR (N=7-9). (C) MDMs were pre-treated with IL-4
(20ng/ml) for 24 hours prior to infection with H37Ra at an MOI of 1-10 bacilli/cell, and the IL-4
treatment was continued for the duration of the infection (24 hours). The mRNA expression of
DHRS3, DHRSY, RDH10, ALDH1a1, ALDH1a2, ALDH1a3 and ALDH3b1 was measured using PCR
(N=7-9). Statistical comparisons made by two-way ANOVA (B,C) or with paired t test (significance
denoted by #).
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3.4.6 Blocking the nuclear signalling of endogenously produced ATRA alters human

MDM metabolic responses to Mtb

Once ATRA has been produced within macrophages by vitamin A oxidising enzymes, and
then chaperoned to the nucleus by its carrier proteins, it can activate its nuclear receptor
and affect the transcription of its target genes. We have shown in section 3.4.2 that Mtb
infected human macrophages have a reduced capacity to produce ATRA endogenously
and transport ATRA to its nuclear receptors. While it is known that pharmacological
concentrations of exogenous ATRA improve macrophage responses to Mtb (104,134), it is
unknown if the nuclear signalling of endogenously produced ATRA is an important factor
in macrophage responses to Mtb. If the signalling of endogenously produced ATRA is a
determinant of macrophage responses to Mtb, it would suggest that the rehabilitation of
defective ATRA production and delivery pathways may be a HDT strategy worthy of
exploration. Perhaps more importantly, it could partly explain exactly why people with
VAD are at higher risk of TB — separate to any effects of VAD on mucosal integrity,
humoral or adaptive immunity. To understand whether the signalling of ATRA, produced
endogenously by macrophages, is important to macrophage responses to Mtb we used
retinoic acid receptor inhibitors (RARIs) in the absence of any exogenous retinol or ATRA.
Retinoic acid receptor alpha (RARa) is the predominant nuclear receptor for ATRA and is

blocked by the specific inhibitor Ro 41-5253 (361,362).

We first examined metabolic responses. Our group has published evidence supporting
the importance of alterations of macrophage energy metabolism as a critical response to
Mtb infection (38,363—369). There is no evidence as to whether the signalling of
endogenously produced ATRA is necessary for these glycolytic responses to occur. We
wondered whether inhibiting the nuclear signalling of endogenously produced ATRA

would prevent the ramping up of macrophage glycolysis that follows Mtb infection.

First, to check that RARa inhibition did not adversely affect cell viability, MDMs were
treated with Ro 41-5253 for 24 and 96 hours and the viability assessed as per section
2.5.5. Inhibition of RARa did not cause a significant degree of cell death after 24 or 96
hours of treatment at the 2uM concentration used in subsequent experiments (Figure 3.4

A).
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Figure 3.4: The viability of MDMs was not affected by 24- or 96-hour treatment with Ro 41-
5253, AGN 194310 or DEAB. (A) MDMs were treated with the RARa inhibitor Ro 41-5253 at doses
10uM, 2uM, 0.4uM and 0.08uM for 24 or 96 hours or left untreated or treated with a vehicle
control (same DMSO concentration as the 10uM Ro 41-5253 condition). Cycloheximide (CHX) (100
ug/ml) was used as a positive control. The cells were stained with propidium iodide (PI) at 5ug/ml,
Hoechst 33258 at 50ug/ml and Hoechst 33258 at 20ug/ml. Using automated fluorescence
microscopy, the proportion of Pl-positive cells was calculated (percentage of non-viable cells)
(N=4). (B) MDMs were treated with the pan-RAR inhibitor AGN 194310 at doses 10uM, 2uM,
0.4uM and 0.08uM for 24 or 96 hours or left untreated or treated with a vehicle control (DMSO).
(C) MDMs were treated with the ALDH inhibitor DEAB at doses 500uM, 100uM, 20uM and 4uM
for 24 or 96 hours or left untreated or treated with a vehicle control (DMSO). (N=4). Statistical
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comparisons were made using one-way ANOVA, comparing the treatment conditions with the
DMSO vehicle control condition.

To understand if RARa inhibition affected the metabolic parameters of unstimulated
MDMs, we analysed the effect of Ro 41-5253 on mitochondrial functions using a Mito
Stress Test, as per section 2.6.1. Briefly, the OCR and ECAR were measured by a Seahorse
analyser over time, with sequential injections of inhibitors of the mitochondrial electron
transport chain after every third measurement. Those inhibitors are oligomycin (complex
V inhibitor — first injection), FCCP (disrupts the mitochondrial membrane potential —
second injection) and rotenone with antimycin A (complex | and lll inhibitors — third
injection). Measuring the effect of these inhibitors on the OCR permits the calculation of
measures of mitochondrial function such as the spare respiratory capacity, as detailed in
Table 2.4. After the Seahorse assay, a crystal violet assay was performed, as per section
2.6.4, to allow for the normalisation of OCR and ECAR readouts according to cell density.
In these experiments, metformin was used as a positive control. Metformin is a known
inhibitor of complex 1 of the ETC, activates AMP kinase and has been proposed as a
potential HDT for TB (370,371). As per section 2.6.1, the mitochondrial functions of
unstimulated MDMs were examined following a 3-hour treatment with metformin. When
compared with untreated controls, metformin reduced the basal and maximal
respiration, but did not affect the spare respiratory capacity. Metformin also increased
basal ECAR. Treating MDMs with the RARa inhibitor Ro 41-5253 for 3 hours did not affect
their basal respiration, maximal respiration or spare respiratory capacity and also did not

affect their baseline ECAR (Figure 3.5).
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Figure 3.5: The RARa inhibitor Ro 41-5253 does not alter the mitochondrial function of
uninfected human MDMs. Human MDMs were differentiated for 5 days in 6-well plates, detached
and reseeded onto Seahorse Cell Culture Plates as described in section 2.1.1. MDMs were treated
with Ro 41-5253 (2uM), DMSO, Metformin (5mM) or untreated for three hours (described in
section 2.2.4). OCR and ECAR were measured by the Seahorse analyser, with sequential injections
of Mito Stress Test mitochondrial inhibitors as described in section 2.6.1 (O=oligomycin, F=FCCP
(Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone), R/A=rotenone/antimycin A). The
measures of mitochondrial function (basal respiration, maximal respiration, non-mitochondrial O,
consumption, ATP production and spare respiratory capacity) were derived from the OCR values,
according to the manufacturer’s instructions. The basal OCR and ECAR measurements were taken
as the third measured — the measurement just preceding the injection of oligomycin (N=5,3,3,5).
Statistical comparisons were made using one-way ANOVA.
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We then sought to examine the metabolic effects of RARa inhibition on human MDMs as
they are responding to Mtb stimulation in real time. We chose this model for three
reasons. Firstly, because it would allow for an understanding of the contribution of
endogenously produced ATRA to important early metabolic responses of stimulated
MDMs — responses that have been linked with their ability to kill Mtb (38). Secondly,
because the reduction in enzymes and carrier proteins we observed at 24 hours post-
infection might confound our results if a later timepoint was chosen. And thirdly, as a
model of early responses to Mtb infection in VAD, where signalling of endogenously
produced ATRA is likely to be limited or absent. As before, metformin was used as a
positive control. We stimulated metformin treated and untreated (from 3 hours pre-
infection) MDMs with Mtb, as described in section 2.6.2. Briefly, the volume of iH37Rv
needed to achieve the desired MOI of 5-10 bacilli/cell was determined for each donor, by
first performing a mock infection with a range of volumes, on cells plated at the same
density on 8-well Labtek slides. This calculated volume of iH37Rv was later injected into
the Seahorse plate wells through the injection ports, as OCR and ECAR were being
measured over time. Alternatively, Seahorse medium (SHM) was used as a negative
control for the stimulation. OCR and ECAR measurements were normalised according to
cell density, determined using a crystal violet assay after the Seahorse assay was
complete, as described in section 2.6.4. To calculate the change in OCR and ECAR from
baseline, the fourth metabolic measurement — the measurement just preceding the
injection of iH37Rv or SHM — was taken as the baseline and set at 100%. This also allowed
for the derivation of the area under the curve (AUC) for each condition and each donor,
calculated (using GraphPad Prism software) as the net area above (positive area) and

below (negative area) this baseline (Figure 3.6).
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Figure 3.6: lllustrative graphic demonstrating how AUC was calculated for each condition, for each

donor. The area is calculated from the time of the injection to the time of the last measurement.
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In absolute terms, the positive control, metformin, resulted in an increased ECAR and
reduced OCR in Mtb stimulated MDM:s. In relative terms, the changes in ECAR and OCR
following infection were not as great as in untreated MDMs (from different baselines).
Inhibition of RARa with Ro 41-5253 (from 3 hours pre-infection) prevented the increase
in ECAR at 150 minutes following acute Mtb infection. This increase in ECAR was
observed in DMSO treated (vehicle) control MDMs responding to Mtb infection (Figure
3.7).

In addition to an increase in ECAR, a reduction of OCR is observed in MDMs responding to
Mtb — the second component of the Warburg effect. In our experiments, this was
observed in DMSO treated control MDMs responding to Mtb and was also seen with Ro
41-5253 treated MDMs responding to Mtb. Taken together with its effects on ECAR, this
indicates that Ro 41-5253 causes a (possibly inappropriate) shift to a ‘quiescent state’ of
energy metabolism in stimulated MDMs, rather than the ‘glycolytic state’ seen in
controls. These data suggest that the signalling of endogenously produced ATRA was
needed to appropriately alter macrophage energy metabolism in response to Mtb

infection (Figure 3.7).
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Figure 3.7: The RARa inhibitor Ro 41-5253 prevented the glycolytic response of MDMs to Mtb.
Human MDMs were differentiated for 5 days in 6-well plates, detached and reseeded onto
Seahorse Cell Culture Plates as described in section 2.1.1. MDMs were treated with Ro 41-5253
(2uM), DMSO, Metformin (5mM) or untreated as described in section 2.2.1 — MDMs were treated
for 3 hours prior to stimulation with Mtb (iH37Rv, MOI 5-10 bacilli/cell) or Seahorse medium
(SHM) in the Seahorse analyser, and the inhibitor remained present for the duration of the
experiment (N=7,4,4,7). Statistical comparisons were made using one-way ANOVA (OCR AUC,
ECAR AUC and Baseline OCR:ECAR) or two-way ANOVA (‘Pre- vs. Post-Infection’ OCR, ECAR and
OCR:ECAR) or paired t test (significance denoted by #). Error bars represent the SEM. Normalised,
non-baselined tracings available in the appendix for chapter 3 (Figure 3.16)
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We examined the measures of mitochondrial function again using a Mito Stress Test, but
this time 150 minutes after MDMs were stimulated with iH37Rv — the timepoint used in
the previous analyses. We did this to understand if RAR«a inhibition altered mitochondrial
functions of Mtb stimulated macrophages, as we already had established (in Figure 3.5)
that Ro 41-5253 did not affect mitochondrial functions of unstimulated macrophages.
MDMs were treated with Ro 41-5253, DMSO or untreated for three hours (as described
in section 2.2.4) and then stimulated with iH37Rv (MOI 5-10 bacilli/cell) for 150 minutes.
The media was exchanged for SHM containing the same treatments, and then OCR and
ECAR were measured by the Seahorse analyser, with sequential injections of Mito Stress
Test mitochondrial inhibitors as described in section 2.6.1. Ro 41-5253 treated, iH37Rv
stimulated MDMs were compared with DMSO treated, iH37Rv stimulated controls. Ro
41-5253 did not alter the parameters of mitochondrial function in Mtb stimulated MDMs
including basal respiration, maximal respiration and spare respiratory capacity (Figure
3.8). The metabolic effects of RAR«a inhibition on Mtb stimulated macrophages do not

include mitochondrial toxicity.
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Figure 3.8: The RARa inhibitor Ro 41-5253 does not alter the mitochondrial function of Mtb
stimulated human MDMs. Human MDMs were differentiated for 5 days in 6-well plates, detached
and reseeded onto Seahorse Cell Culture Plates as described in section 2.1.1. MDMs were treated
with Ro 41-5253 (2uM), DMSO or untreated for three hours (described in section 2.2.4) and then
stimulated with iH37Rv (MOI 5-10 bacilli/cell) for 150 minutes. The media was exchanged for SHM
containing the same treatments and then OCR and ECAR were measured by the Seahorse
analyser, with sequential injections of Mito Stress Test mitochondrial inhibitors as described in
section 2.6.1 (O=oligomycin, F=FCCP (Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone),
R/A=rotenone/antimycin A). The measures of mitochondrial function (basal respiration, maximal
respiration, non-mitochondrial O, consumption, ATP production and spare respiratory capacity)
were derived from the OCR values, according to the manufacturer’s instructions. The basal OCR
and ECAR measurements were taken as the third measured — the measurement just preceding the
injection of oligomycin (N=4). Ro 41-5253 treated, iH37Rv stimulated MDMs were compared with

DMSO treated, iH37Rv stimulated controls by one-way ANOVA.
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We wondered whether the metabolic effects of Ro 41-5253 could be caused by off-target
effects, unrelated to its inhibition of RARa. Ro 41-5253 has been found to be an agonist
of PPARy in murine adipocytes (372). If the metabolic effects of Ro 41-5253 in preventing
MDM glycolytic responses to Mtb are being mediated through activation of PPARy
instead of RARa inhibition, then blocking PPARy before Ro 41-5253 treatment should
abrogate its effects — PPARYy inhibited MDMs treated with Ro 41-5253 should more
closely resemble DMSO treated MDMs in their metabolic responses to Mtb. GW 9662 is
an inhibitor of PPARy. MDMs were treated with GW 9662 for 1 hour prior to being
treated with Ro 41-5253 as before (as per section 2.2.4). GW 9662 pre-treatment did not
restore the glycolytic response of MDMs stimulated with Mtb. These data suggest that
the metabolic effects of Ro 41-5253 on MDMs are not being mediated through the
activation of PPARYy (Figure 3.9).

Other literature suggests that Ro 41-5253 may activate the extracellular signal-regulated
kinases (ERK) signalling pathway, through a mechanism that involves conformational
change of RARa and phosphorylation of ERK (373). ERK is phosphorylated by the enzyme
MEK1. If the metabolic effects of Ro 41-5253 in preventing the glycolytic response of
MDMs to Mtb are being mediated through the phosphorylation of ERK by MEK1, then
blocking MEK1 before Ro 41-5253 treatment should abrogate its effects — MEK1 inhibited
MDMs treated with Ro 41-5253 should more closely resemble DMSO treated MDMs in
their metabolic responses to Mtb. PD98059 is a MEK1 inhibitor. MDMs were treated with
PD98059 for 1 hour prior to being treated with Ro 41-5253 as before (as per section
2.2.4). PD98059 pre-treatment did not restore the glycolytic response of MDMs
stimulated with Mtb. These data suggest that the metabolic effects of Ro 41-5253 on

MDMs are not being mediated through the phosphorylation of ERK (Figure 3.9).
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Figure 3.9: Blocking PPARy or MEK1 prior to treating MDMs with Ro 41-5253 does not restore
their glycolytic responses to Mtb. (A) MDMs were treated with the PPARy inhibitor GW 9662
(10uM) or DMSO for one hour before being treated with the RARa inhibitor Ro 41-5253 (2uM) and
stimulated with iH37Rv (MOI 5-10 bacilli/cell) or Seahorse medium (SHM) in the Seahorse analyser
as before (N=3). (B) MDMs were treated with the MEK1 inhibitor PD98059 (10uM) or DMSO for
one hour before being treated with the RARa inhibitor Ro 41-5253 (2uM) and stimulated with
iH37Rv (MOI 5-10 bacilli/cell) ) or Seahorse medium (SHM) as before (N=3). (C) Change in ECAR
from pre-infection to 150 minutes post-infection (N=3). GW 9662 or PD98059 pre-treated MDMs
were compared with DMSO pre-treated controls by one-way ANOVA (A,B). MDMs were compared
pre-infection versus post-infection by two-way ANOVA (C). Normalised, non-baselined tracings
available in the appendix for chapter 3 (Figure 3.16).
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Crucially, we also investigated an alternative inhibitor of RARa, ER 50891, to see if our
findings using Ro 41-5253 could be replicated with an entirely different antagonist. As
described in section 2.6.2, MDMs were treated with ER 50891 for 3 hours prior to
stimulation with iH37Rv, as for Ro 41-5253. Inhibition of RARa with the alternative
antagonist ER 50891 replicated the effects of Ro 41-5253 exactly and prevented the
increase in ECAR that follows Mtb stimulation (Figure 3.10). Interestingly, a pan-RAR
inhibitor AGN 193109 (which also did not affect MDM viability (Figure 3.4 B) did not

reproduce the findings of Ro 41-5253 and ER 50891 (Figure 3.11 A). From these data we

conclude that the signalling of endogenously produced ATRA through its nuclear receptor

RAR« is necessary for MDMs to alter their metabolism in response to Mtb.
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Figure 3.10: An alternative RARa inhibitor, ER 50891, replicated the effects of Ro 41-5253
(Figure 3.7) and prevented the glycolytic response of MDMs to Mtb. Human MDMs were
differentiated for 5 days in 6-well plates, detached,and reseeded onto Seahorse Cell Culture Plates
and treated as before, as described in section 2.1.1. MDMs were treated with ER 50891 (10uM) or
DMSO using the same protocol as for experiments with Ro 41-5253 (described in section 2.2.1) —
MDMs were treated for 3 hours prior to stimulation with Mtb (iH37Rv, MOI 5-10 bacilli/cell) ) or
Seahorse medium (SHM) in the Seahorse analyser, and the inhibitor remained present for the
duration of the experiment (N=3). Statistical comparisons were made using one-way ANOVA (OCR
AUC, ECAR AUC and Baseline OCR:ECAR) or two-way ANOVA (‘Pre- vs. Post-Infection’ OCR, ECAR
and OCR:ECAR) or paired t test (significance denoted by #). Error bars represent the SEM.
Normalised, non-baselined tracings available in the appendix for chapter 3 (Figure 3.16).
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We wondered whether these early, acute metabolic responses of macrophages to Mtb
were dependent on signalling by ATRA that was preformed, or ATRA that was being
actively and acutely manufactured during these earliest moments of infection. DEAB, an
inhibitor of the ALDH enzymes (which did not affect MDM viability (Figure 3.4 C)) did not
replicate the metabolic effects of Ro 41-5253 and ER 50891. This suggests that in the
earliest moments of infection, pre-formed ATRA is sufficient for MDMs to respond

energetically to Mtb (Figure 3.11 B).
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Figure 3.11: A pan-RARa inhibitor, AGN 194310, and an ALDH inhibitor, DEAB, did not replicate
the effects of Ro 41-5253 and did not alter the energetics of MDMs responding to Mtb
stimulation. Human MDMs were differentiated for 5 days in 6-well plates, detached, and
reseeded onto Seahorse Cell Culture Plates and treated as before, as described in section 2.1.1.
MDMs were treated with AGN 194310 (1uM) (presented in A), DEAB (presented in B), DMSO,
Metformin (5mM) or untreated using the same protocol as for experiments with Ro 41-5253
(described in section 2.2.1) — MDMs were treated for 3 hours prior to stimulation with Mtb
(iH37Rv, MOI 5-10 bacilli/cell) or Seahorse medium (SHM) in the Seahorse analyser and the
inhibitor remained present for the duration of the experiment (N=7,4,4,7). Statistical comparisons
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were made using two-way ANOVA. Error bars represent the SEM. Normalised, non-baselined
tracings available in the appendix for chapter 3 (Figure 3.17).
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Finally, we also measured the mRNA expression of glycolytic genes (HK2, PFKFB3, PKM
and GAPDH) to see if their expression correlated with the findings from our functional
metabolic experiments. Ro 41-5253 treatment did not significantly reduce the expression
of these glycolytic genes in uninfected or Mtb infected MDMs, although a trend towards

decreased expression is evident for PFKFB3, PKM and GAPDH at 3- and 48-hours post-

infection (Figure 3.12).
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Figure 3.12: RARa inhibition did not significantly reduce the mRNA expression of glycolytic
genes in Mtb infected MDMs. Human MDMs were treated with Ro 41-5253 (2uM) or DMSO and
infected with H37Ra at an MOI of 1-2 bacilli/cell (as described in sections 2.1.1 and 2.3.2). The
expression of glycolytic genes at 3 hours (A) and 48 hours (B) post-infection was measured as
described in section 2.6.5 and expressed as a fold change in Ct value versus the uninfected, DMSO
treated control condition. Statistical comparison between the treatment groups was performed by
two-way ANOVA (N=8).
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3.4.7 Blocking the nuclear signalling of endogenously produced ATRA does not alter

human MDM cytokine production in response to Mtb

In addition to examining the effect of RARa inhibition on macrophage metabolic
responses to Mtb, we also examined its effect on macrophage cytokine production. Our
laboratory has previously shown that the secretion of mature IL-13 by MDMs infected
with Mtb is dependent on glycolysis (38). Our lab has also previously found that
exogenous ATRA decreases IL-10 production by Mtb infected THP-1 macrophages (134).
We wondered whether the impaired glycolytic response of MDMs caused by impaired
signalling of endogenously produced ATRA was also associated with impaired IL-13

secretion, or higher IL-10 secretion.

MDMs were treated with Ro 41-5253 for three hours prior to infection with Mtb as
described in sections 2.2.1 and 2.3.2. Supernatant was taken at 3 hours and 48 hours
post-infection. The concentrations of IFNy, IL-6, IL-8, IL-1B, TNFa, IL-10 and IL-12p70 were

measured as per section 2.5.1.

RARa inhibition did not significantly alter the secretion of any of the cytokines that were
measured by uninfected or Mtb-infected MDMs at either 3- or 48-hours post-infection.
These data indicate that the cytokine responses of human MDMs to infection are not

dependent on the signalling of endogenously produced ATRA (Figure 3.13).
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Figure 3.13: RARa inhibition does not affect the cytokine response of MDM'’s infected with Mtb.
Human MDMs were treated with Ro 41-5253 (2uM) or a vehicle control (DMSO) and then infected
with H37Ra at an MOI of 1-2 bacilli/cell (as described in sections 2.1.1 and 2.3.2) or uninfected.
Supernatant was collected at 3h (A) and 48h (B) post-infection. The concentration of IFNy, IL-18,
IL-6, IL-8, IL-10, IL-12p70 and TNFa were measured using an MSD multiplex assay as per section
2.5.1 (N=8). Statistical comparisons were made using two-way ANOVA.
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3.4.9 Blocking the nuclear signalling of endogenously produced ATRA impairs human

MDMs’ ability to kill Mtb

Our laboratory has previously shown that MDM'’s ability to kill Mtb is at least partly
dependent on their ability to increase glycolysis (38). We asked if the impaired energy
metabolic responses of MDMs responding to Mtb that we observed following RARa

inhibition were also associated with impaired killing of Mtb by human MDMs.

As described in sections 2.2.1 and 2.3.2, human MDMs were treated with Ro 41-5253 for
3 hours and then infected with H37Ra at an MOI of 1-2 bacilli/cell. A colony-forming units
(CFU) assay was performed as per section 2.5.3. Briefly, Mtb growth was assessed at Oh,
48h and 120h post-infection. The inhibitor was not washed off and was present in the
media for the duration of infection. MDMs were lysed and pooled with bacterial pellets
(at all except the first timepoint) from the centrifugation of supernatants. Bacteria were
diluted and plated on Middlebrook agar. CFUs were counted at 21 days post-incubation
at 37 °C. The CFU counts of RARa inhibited MDMs were compared with DMSO treated

controls.

We found that the inhibition of RARa led to higher CFUs than DMSO treated controls.
These data indicate that MDM'’s ability to kill Mtb is, to a certain degree, dependent on

the signalling of endogenously produced ATRA (Figure 3.14).
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Figure 3.14: RARa inhibition impairs MDMs’ ability to kill Mtb. Human MDMs were treated with
Ro 41-5253 (2uM) and infected with H37Ra at an MOI of 1-2 bacilli/cell (as described in sections
2.2.1and 2.3.2). CFUs were counted at Oh, 48h and 120h post-infection (as described in section
2.5.3). There was no difference in baseline CFUs between the two groups. At 120 hours post-
infection, there was a significant difference between DMSO and Ro 41-5253 treated groups (ratio
paired t test) (N=11).
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3.5 Discussion

Here we report that in Mtb infected human macrophages, the endogenous production of
ATRA from retinol and delivery of ATRA to its nuclear receptors may be significantly
impaired due to the reduced expression of key enzymes and carrier proteins. Inhibiting
the signalling of endogenously produced ATRA resulted in an impairment of
macrophages’ ability to kill Mtb. This impaired Mtb killing may be a consequence of the
significantly impaired early glycolytic responses of macrophages to Mtb that we

observed.

In Mtb infected human macrophages, we found that the enzymes needed to oxidise
retinol to ATRA, and the carrier proteins needed to deliver ATRA to its nuclear receptor
had significantly reduced expression. There have been many randomised controlled trials
that have compared retinol with placebo as an adjunct to TB therapy. However, despite
the encouraging laboratory evidence, and the plausibility lent by the epidemiological
associations between VAD and TB, the results of these trials have been disappointing.
Grobler et al. summarise these trials in their meta-analysis, and demonstrate that
adjunctive retinol did not reduce mortality or sputum conversion rate in patients taking
standard TB therapy (343). While there are likely several reasons why oral retinol
supplementation is not an effective HDT in patients with active TB, including impaired
absorption (374), mobilisation by retinol-binding proteins (375,376) and renal retention
(377) of retinol in TB patients, here we identify two additional points of mechanistic
interference: In Mtb infected macrophages themselves, the necessary oxidation of retinol
to ATRA and the delivery of ATRA to its nuclear receptors are likely impaired. Potentially,
this could be overcome by combining retinol with GM-CSF — which we have shown
supports the expression of these enzymes in MDM. Interestingly, GM-CSF is known to
also support glycolytic responses of macrophages. Whether this is in part through its
support of endogenous ATRA production was not a question we explored (378,379).
Perhaps more practically, exogenous ATRA itself (rather than retinol with GM-CSF) could
bypass these obstacles. ATRA has established efficacy in the treatment of promyelocytic
leukaemia, and its isomer 13-cis retinoic acid is used routinely for the treatment of acne

vulgaris. Several pilot trials of ATRA for non-infectious diseases have taken place, and
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established ATRA’s clinical safety profile (380—385). To date, no trials comparing ATRA

with placebo as an adjunctive treatment for TB have been conducted.

We show that the early glycolytic responses of human macrophages are dependent on
the signalling of endogenously produced ATRA. In addition to the association between
VAD and active TB (342,386), hyporetinolaemia is associated with pulmonary
nontuberculous mycobacterial infections (387) and VAD is associated with other
infections in paediatric populations — in particular those involving the gastrointestinal and
respiratory tracts (388—391). The suggested mechanisms explaining the relationship
between VAD and these infections include effects on secretory IgA antibodies (392),
effects on the differentiation of DCs and CD4* T-cells (393,394) and effects on epithelial
integrity (395). In cellular models of Mtb infection, exogenous ATRA results in an increase
in cholesterol efflux (132), improved phagosome-lysosome fusion (131,140), a reduction
of intracellular iron (141) and improved cytokine responses (134,137) — although it is
uncertain to what extent these mechanisms of exogenous ATRA are relevant in VAD. Here
we suggest an additional mechanism that might partly explain the association between
VAD and TB: We hypothesise that when people with pre-existing VAD are exposed to TB,
their macrophages cannot effectively trigger a switch to glycolytic metabolism in
response to Mtb and fail to contain Mtb as a result. This might lead to the higher risk of
active TB observed in those with VAD (Figure 3.15). Regarding mechanism, ATRA pre-
treated MDMs stimulated with LPS demonstrate a significantly upregulated hexokinase 2
(HK2) — the rate limiting glycolytic enzyme (144). While we observed that the inhibition of
RARa resulted in a trend towards decreased mRNA expression of PFKFB3, PKM and
GAPDH in Mtb infected MDMs, this reduction was not statistically significant. We did not
examine the protein expression of these glycolytic genes. Other genes involved in
glycolysis that we did not investigate may still be affected by RARa inhibition. The genes
for the GLUT1 glucose transporter, and for the glycolytic enzymes phosphofructokinase (L
and M subunits) and phosphopyruvate hydratase were found to be within 10kbp of
retinoic acid responsive elements (RAREs) in one human genetic study, whereas the
glycolytic genes we measured were not (396). This may be a fruitful avenue for further

research.
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Figure 3.15: Proposed new mechanism contributing to the association between VAD and TB: (1:
Pre-Infection) Macrophages from people who are vitamin A sufficient contain retinol and pre-
formed ATRA, whereas macrophages from people who are vitamin A deficient do not. (2: Acute
Response) In the early moments of Mtb infection, macrophages from people who are vitamin A
sufficient rapidly increase their rate of glycolysis, an effect that has previously been shown to
contribute to Mtb killing (38). Macrophages from people with vitamin A deficiency do not contain
pre-formed ATRA and cannot ramp up glycolysis, in a similar way to what we demonstrated using
RARa inhibitors. They remain in an inappropriately quiescent energetic state during infection. (3:
Post-Acute Response) Macrophages from people who are vitamin A sufficient, in part because of
their early energetic response, can better control bacillary growth compared with quiescent
macrophages from people who are vitamin A deficient. We observed higher CFUs at day 5 in
human macrophages treated with a RARa inhibitor.
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When we blocked PPARy in advance of treating MDMs with Ro 41-5253, we did not
restore their glycolytic responses to Mtb. Schupp et al. treated murine adipocyte cell lines
with Ro 41-5253 for 24 hours and observed an increased activation of the PPARy receptor
and suggested that Ro 41-5253 is a PPARy agonist (372). However, the known PPARy
agonist pioglitazone has been shown to decrease ECAR in unstimulated lung cancer cell
lines after a 2 hour treatment, whereas we saw no difference in baseline ECAR following
our use of Ro 41-5253 in unstimulated MDMs after a similar treatment duration (Figure
3.5, 3.7) (397). In our experiments, pre-blocking PPARy did not abrogate the metabolic
effects of Ro 41-5253. Taken together, these indicate that the effect of Ro 41-5253 on
glycolytic responses is not due to activation of PPARy. Other literature suggests that both
ATRA and Ro 41-5253 may activate the extracellular signal-regulated kinases (ERK)
signalling pathway, through a mechanism that involves conformational change of
extranuclear RARa and the subsequent phosphorylation of ERK (242,373). In our
experiments, pre-blocking MEK1 did not abrogate the metabolic effects of Ro 41-5253.
This suggests that the effect of Ro 41-5253 on glycolytic responses is not due to
extranuclear effects that cause ERK phosphorylation. Most significantly, an alternative
RARa antagonist, which is not known to activate PPARy or to phosphorylate ERK, had
precisely the same metabolic effects as Ro 41-5253. This strongly suggests that it is the
inhibition of RAR«a itself that prevents the glycolytic response of human macrophages to
Mtb. While a pan-RAR inhibitor did not replicate the effects of either RAR«a inhibitor, this
difference might be explained by technical factors such as differing inhibitor potencies or

may indicate that different RAR receptor subtypes mediate different effects.

RARa inhibition did not affect the secretion of IFNy, IL-6, IL-8, IL-13, TNFa, IL-10 or IL-
12p70 by human MDMs at 3- or 48-hours post-infection with Mtb. Our lab has previously
found that exogenous ATRA decreases IL-10 production by Mtb infected THP-1
macrophages (134). Other researchers found that exogenous ATRA increased the
secretion of IL-1B and IL-6 from LPS stimulated MDMs (144).0Our laboratory has
previously shown that the secretion of mature IL-1B by MDMs infected with Mtb is
dependent on glycolysis (38). Despite preventing any increase in ECAR by macrophages in
response to Mtb, there was no significant disruption in IL-1p secretion by Ro 41-5253

treated cells. This suggests that the relationship between glycolysis and IL-1B secretion is
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not straightforward, or that multiple effects are at play. However, it should also be noted
that we observed very low cytokine secretion even in DMSO treated MDMs following
infection with Mtb. This is probably a consequence of the low MOI that we used.
Repeating this experiment using a higher infecting MOI may result in higher cytokine

secretion and may reveal an effect of RAR«a inhibition on cytokines.

A systematic review by Yang et al. found that two doses of vitamin A significantly reduced
the mortality from measles in a paediatric population (398). While trials of retinol in
patients with active TB failed, this is relatively late in the disease course. It is possible that
retinol (or perhaps even more so, ATRA) might be more effective if given earlier in the
disease course — to support macrophage early clearance of the pathogen. ATRA could be
applied to prevent the development of active TB in household contacts who are VAD.
Indeed, given that contacts exhibit a stepwise decrease in risk of active TB with increasing
baseline serum retinol levels — even in those who are deemed vitamin A ‘sufficient’ — this
could be extended to all household contacts (342). Another high-risk group that might
benefit from prophylactic retinol or ATRA (‘host-directed prophylaxis’) is patients newly
diagnosed with HIV who have VAD (386).

Both Mtb infection and LPS stimulation reduced macrophage expression of vitamin A
oxidation enzymes and carrier proteins. This suggests that a common pathway links the
recognition of pathogen associated molecular patterns (PAMPs) and the downregulation
of these vitamin A pathways. Counter to this hypothesis, there is evidence that
stimulation of TLR2 results in an increased expression of ALDH1a2 in murine DCs (399).
LPSis a TLR4 ligand, and Mtb stimulates both TLR2 and TLR4 (400). The pathway by which
LPS and Mtb infection reduces the expression of these enzymes and carrier proteins
remains unknown, and an indirect effect of the post-infection cytokine milieu could be

implicated.

There are several limitations of this research. We did not measure ATRA or the activation
of RARa directly. ATRA is difficult to measure due to its instability, low intracellular
concentrations and similar structure to other isomers (401). Likewise, we did not
validate the inhibition of RARa by Ro 41-5253 (although figure 4.7 indicates it is effective
at abrogating ATRA's effects). Importantly, another RARa inhibitor, ER 50891, had the
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same effect as Ro 41-5253 on glycolytic flux (Figure 3.10). While we show a reduction in
the enzymes that produce ATRA and a reduction in the carrier proteins that deliver ATRA
to its nuclear receptors, the consequence of this is only inferred. Yet blocking ALDH with
diethylaminobenzaldehyde reduces the effectiveness of exogenous retinal in improving
macrophage killing of Mtb (131), which supports our conclusion that ATRA produced by
human macrophages can affect their ability to kill Mtb. We also report that inhibiting
RARa resulted in impaired macrophage metabolic responses to Mtb and reduced the
ability of MDM to kill Mtb. However, while people with VAD could be assumed to have a
low intracellular concentration of ATRA within their macrophages encountering Mtb, the
complicated clinical state of VAD cannot be fully represented in a cell-based model, and
ATRA binds to receptors other than RARa. While we report that inhibition of RARa stunts
macrophage metabolic responses to Mtb, we did not see a statistically significant
corresponding decrease in the mRNA expression of glycolytic genes. We did not measure
the protein expression of these glycolytic or assess metabolism at later timepoints and
these limitations could be addressed with future research. However, our laboratory has
previously published this acute injection model of Mtb infection (368) which tallied with a
longer term commitment to glycolysis by macrophages observed at 24 hours after
challenge with Mtb (38). We interpreted ECAR as a correlate of glycolysis, however more
specific metabolic assays could be done to ensure that the changes in ECAR we observed
are reflective of glycolysis. Non glycolytic acidification can also contribute to ECAR and
occurs due to production of CO2 via the TCA cycle. The CO2 produced is hydrated to
carbonic acid which can reduce the extracellular pH. Lactate secretion closely mirrors
glycolytic ECAR (402) and future studies could include an end point lactate measurement
to confirm an increase in glycolytic flux. In addition, Agilent’s Glycolytic Rate Assay, which
uses sequential introduction of rotenone/antimycin A to inhibit OXPHOS and 2-DG to
inhibit glycolysis, could be used to evaluate the relative contributions of both pathways to
ECAR. Another limitation is that we did not directly investigate the link between ATRA's
glycolytic effects and its effects on Mtb growth inhibition. This may be a subject of our

future research.

This research adds to the few mechanistic publications linking vitamin A with TB. We

believe that clinical trials should be considered, examining the efficacy of ATRA as a
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prophylactic agent against active TB in household contacts of TB cases, and in patients
starting antiretroviral therapy for HIV (in whom diagnostics for latent TB infection are
known to be less effective (403,404)) who are vitamin A deficient. We also believe that
clinical trials of ATRA as an adjunct to TB therapy should be considered. Finally, it is our
opinion that further laboratory research should be conducted examining the mechanisms
linking ATRA with energy metabolism in Mtb infection, ATRA’s efficacy as a HDT or
chemoprophylaxis in other infections, and further exploring the potential of GM-CSF as a

HDT for TB.
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3.6 Conclusion

In Mtb infected human macrophages, the production of ATRA from retinol and the
delivery of ATRA to its nuclear receptors may be significantly impaired due to reduced
gene expression of key enzymes and carrier proteins. This may partly explain the failure
of trials of retinol as an adjunct to TB therapy. GM-CSF may act as a HDT for TB by
supporting macrophage vitamin A metabolism. Inhibiting the signalling of endogenously
produced ATRA prevented necessary macrophage metabolic responses to Mtb and
impaired their ability to kill Mtb. This may partly explain why VAD confers susceptibility to
TB.
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3.7 Appendix for Chapter 3
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Figure 3.16: Normalised, non-baselined tracings for figures 3.7, 3.9, 3.10.
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Chapter 4

4 All trans Retinoic Acid as a Host-Directed Therapy for

Nontuberculous Mycobacteria

4.1 Introduction

NTM infections are increasing in incidence, globally (5). NTM species are numerous and
diverse, but can be broadly categorised into rapid growers, like M. abscessus, and slow
growers, like M. avium. M. chimaera is a subspecies of M. avium (51,56,57). While M.
abscessus and M. avium differ in their speed of replication, the infections they cause are
similar in many respects. Both most commonly cause pulmonary disease, in keeping with
their usual mode of transmission, inhalation (62,63). Both almost always cause
pulmonary disease in people with pre-existing structural lung disease, such as cystic
fibrosis (CF) and non-CF bronchiectasis (69). Where a pulmonary NTM infection occurs in
someone without an underlying structural lung disease, this instead indicates an

underlying defect of the immune system (65).

The management of NTM infections is difficult. Treatment demands the combination use
of multiple antibiotics with considerable associated toxicities, for durations of several
months. Despite treatment, persistent colonisation and relapse are common
(51,57,59,77,84). Drug resistance is another challenge of NTM infection treatment.
Macrolide resistance is associated with an 8% culture conversion rate in pulmonary M.
abscessus infections (58). Five-year mortality of patients with NTM infections was
reported as 17.8% in one study (74). As such, innovation in the management of

pulmonary NTM infections is needed.

Treatments that target the host’s response — host-directed therapies (HDTs) — may
present such an opportunity for innovation. ATRA, the active metabolite of vitamin A, is
known to improve host responses during infections with Mtb in vitro and in vivo
(104,134,138) (Table 1.1). However, it cannot be assumed that the same will hold true for
infections caused by NTMs. There is no strong, relevant clinical evidence to support

vitamin A as a treatment in these patients. Patients with NTM infections do have lower
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circulating vitamin A — retinol — than healthy controls (73). However, this correlation may
describe an effect rather than a cause — circulating retinol declines with the acute phase
response (168,169). While the evidence from in vitro and in vivo experiments lends strong
support for the use of ATRA as a HDT in Mtb infections, there are no published
experiments investigating ATRA, or any other member of the vitamin A family, as a HDT in
NTM infections. Like Mtb, NTMs are phagocytosed by host macrophages, express ESX
secretion systems, suppress phagolysosome fusion, escape the phagosome, can persist
intracellularly and induce granuloma formation by immunocompetent hosts (51).
However, NTMs differ from Mtb in several fundamental ways that might reduce ATRA’s

efficacy.

We aimed to investigate the potential of ATRA as a HDT for NTM infections by
understanding if ATRA improves the ability of human macrophages to kill M. chimaera
and M. abscessus in vitro. M. abscessus was chosen because it is the most common cause
of pulmonary disease due to rapidly growing mycobacteria, and because it is associated
with particularly poor clinical outcomes and therefore represents a major clinical
challenge. M. chimaera was chosen because it is a member of the M. avium complex
(MAC), which together are the most common cause of pulmonary disease due to slow-
growing mycobacteria, and because it has been associated with iatrogenic outbreaks (57—

59).

We also aimed to determine the effects of ATRA on macrophage viability, macrophage
intracellular cholesterol concentrations, macrophage cytokine production and
macrophage metabolic responses during infection with M. chimaera and M. abscessus —
pathways that might be relevant to ATRA’s mechanism of action as a HDT in these

infections.
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4.3 Aims and Hypotheses

Overall Aim

To investigate ATRA as a potential HDT for NTMs.

Specific Aims

Aim 1: To determine if ATRA is an effective HDT against NTMs in vitro.

Research Question 1: Does ATRA improve NTM killing in a macrophage dependent

manner?

Hypothesis 1: ATRA does not kill M. chimaera and M. abscessus in axenic culture, but will

improve the ability of THP-1 macrophages to kill M. chimaera or M. abscessus.

Aim 2: To determine ATRA’s mechanisms of action as a HDT against NTMs.

Research Question 2: Does ATRA affect the intracellular cholesterol concentration,

cytokine secretion or metabolic responses of macrophages infected with NTMs?

Hypothesis 2: ATRA treatment will reduce the intracellular cholesterol concentration,
alter cytokine secretion or alter the metabolic responses of human macrophages infected

with M. chimaera or M. abscessus.
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4.4 Results

4.4.1 ATRA does not affect the growth of NTMs in axenic culture

We first sought to understand if ATRA was directly toxic to NTMs. ATRA was previously
found not to be directly toxic to Mtb at a concentration of 5uM (405). The growth of M.
chimaera and M. abscessus in the presence of the antibiotic clarithromycin (4 pg/ml),
DMSO (vehicle control) or ATRA (10uM), were measured by the BACT/ALERT 3D
Automated Microbial Detection System as per section 2.5.4. The times to positivity of
each condition were recorded. For M. chimaera treated with the positive control
clarithromycin, no growth was detected by the 42-day cut-off, and so growth was
assumed to be detected at 42 days for the statistical analyses. Clarithromycin inhibited
the growth of M. chimaera, whereas there was no difference in the times to positivity
between ATRA and DMSO conditions. For M. abscessus, clarithromycin also slowed
growth, and there was no difference in the times to positivity between ATRA and DMSO
conditions. From these results we conclude that ATRA does not affect the growth of M.
chimaera or M. abscessus in axenic culture, and therefore is not itself directly toxic to

these NTMs (Figure 4.1).
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Figure 4.1: ATRA does not kill rapid or slow growing NTMs in axenic culture. The times to
positivity of M. chimaera (left) and M. abscessus (right), in the presence of the antibiotic
clarithromycin (4 ug/ml), DMSO (vehicle control) or ATRA (10uM), were measured by the
BACT/ALERT 3D Automated Microbial Detection System (N=3). Statistical comparisons were made
using one-way ANOVA or unpaired t test (significance denoted by #).

4.4.2 ATRA does not affect the viability of uninfected macrophages

We next sought to understand if ATRA was toxic to human macrophages. ATRA was
previously found not to induce cell death in MDMs at a concentration of 5uM (405).
MDMs were treated with ATRA at doses 10uM, 5uM and 1uM for 24 or 96 hours or left
untreated or treated with a vehicle control (same DMSO concentration as the 10uM
ATRA condition). Cycloheximide (CHX) (100 pg/ml) was used as a positive control for cell
death. The cells were stained with propidium iodide (PI) at 5pug/ml, Hoechst 33258 at
50ug/ml and Hoechst 33342 at 20pg/ml. Using automated fluorescence microscopy, the
proportion of Pl—positive cells was calculated (a measure of the proportion of non-viable
cells). ATRA did not adversely affect the viability of MDMs after 24 or 96 hours at of the
concentrations. For subsequent experiments, ATRA was used at a concentration of 10uM

(Figure 4.2).
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Figure 4.2: The viability of MDMs was not affected by 24- or 96-hour treatment with ATRA.
MDMs were treated with ATRA at doses 10uM, 5uM and 1uM for 24 or 96 hours or left untreated
or treated with a vehicle control (same DMSO concentration as the 10uM ATRA condition).
Cycloheximide (CHX) (100 ug/ml) was used as a positive control. The cells were stained with
propidium iodide (Pl), Hoechst 33258 and Hoechst 33342. Using automated fluorescence
microscopy, the proportion of Pl-positive cells was calculated (percentage of non-viable cells) (24
hours: N=4,3,4,4,4,4. 96 hours: N=4,3,4,4,2,4). Statistical comparisons between ATRA treated
conditions and DMSO control were made using one-way ANOVA.

159




4.4.4 ATRA does not affect the viability of M. abscessus infected or uninfected THP-1

macrophages

We also examined the effect of ATRA (at 10uM) on the viability of THP-1 macrophages,
the cell type used in most experiments in this chapter. We used this as an opportunity to
also examine the effect of M. abscessus infection on the viability of THP-1 macrophages,
in advance of subsequent experiments assessing intracellular bacillary killing (CFU
assays), as M. abscessus is a rapidly growing NTM species. A cell viability assay was
performed as before. While the positive control CHX increased the proportion of non-
viable cells, ATRA did not affect the viability of uninfected THP-1 macrophages after 24 or
48 hours. M. abscessus infection (at MOls of 1-2 bacilli/cell or 4-6 bacilli/cell) did not itself
increase cell death over the uninfected control at either timepoint. Importantly, ATRA did
not alter the viability of M. abscessus infected THP-1 macrophages versus the vehicle
control at either timepoint. From these experiments we conclude that neither ATRA, M.
abscessus nor their combination affect the viability of THP-1 macrophages within the

timeframe studied in subsequent experiments (Figure 4.3).
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Figure 4.3: The viability of THP-1s was not affected by M. abscessus infection at 24 or 48 hours
post-infection, and was not affected by ATRA. THP-1 macrophages were treated with ATRA at
10uM for 3 hours or treated with a vehicle control (DMSO). The cells were then infected with M.
abscessus at a low MOI (1-2 bacilli/cell) or high MOI (4-6 bacilli per cell) as per section 2.3.4.
Cycloheximide (CHX) (100 ug/ml) was used as a positive control. 24 or 48 hours after infection, the
cells were stained with propidium iodide (Pl), Hoechst 33258 and Hoechst 33342. (A) Using
automated fluorescence microscopy, the proportion of Pl-positive cells was calculated
(percentage of non-viable cells) (N=4). Statistical comparisons were made using two-way ANOVA.
(B) Representative fluorescent microscopy images taken at 24 hours post-infection. Blue channel =
Hoechst nuclear stains, orange channel = Pl. White line represents 200 um. Left = bright field
image with blue and orange channels overlaid, right = blue and orange channels only.
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4.4.5 ATRA s an effective HDT in THP-1 macrophages infected with M. chimaera but

not M. abscessus

We then examined whether ATRA improved the ability of THP-1 macrophages to kill M.
chimaera or M. abscessus. ATRA is already known to improve the ability of MDMs, AMs
and THP-1 macrophages to kill Mtb (104,134). THP-1 macrophages were treated with
ATRA at 10uM for 3 hours or a vehicle control (DMSO). The cells were then infected with
M. chimaera or M. abscessus at an MOI of 1-2 bacilli/cell as per sections 2.3.3 and 2.3.4.
CFUs were counted at Oh, 48h and 120h post-infection for M. chimaera or Oh and 18h
post-infection for M. abscessus (as described in section 2.5.3). It was found that ATRA
reduced the growth of M. chimaera but did not affect the growth of M. abscessus at
these timepoints. From this we conclude that ATRA is an effective HDT in vitro for the
slow growing NTM species, M. chimaera, but not the rapid growing NTM species, M.

abscessus (Figure 4.4).
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Figure 4.4: ATRA reduces CFUs in M. chimaera infected THP-1 macrophages, but not those
infected with M. abscessus. THP-1 macrophages were treated with ATRA at 10uM for 3 hours or a
vehicle control (DMSO). The cells were then infected with M. chimaera or M. abscessus at an MOI
of 1-2 bacilli/cell as per sections 2.3.3 and 2.3.4. CFUs were counted at 0h, 48h and 120h post-
infection for M. chimaera or Oh and 18h post-infection for M. abscessus (as described in section
2.5.3) (M. chimaera: N=5, M. abscessus: N=4). Statistical comparisons were made using two-way
ANOVA.
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4.4.7 ATRA does not affect THP-1 macrophage intracellular cholesterol

concentrations during infection with M. chimaera and M. abscessus

We sought to understand how ATRA affects macrophages infected with M. chimaera and
M. abscessus, in part to understand how it might be effective as a HDT in NTM infections.
We began by measuring the intracellular cholesterol concentrations of THP-1
macrophages infected with M. chimaera and M. abscessus in the presence or absence of
ATRA. Previous research has demonstrated that ATRA upregulates cholesterol
transporters ABCA1, ABCG1 and NPC2 (132,138,139). Furthermore, ATRA reduces the
intracellular cholesterol concentration of MDMs differentiated from monocytes in the
presence of GM-CSF, restricting the access of Mtb to its cholesterol fuel source (138). We
found in THP-1 macrophages (GM-CSF not used) that ATRA did not significantly reduce
the total intracellular cholesterol concentration in either M. chimaera or M. abscessus
infection. The availability of cholesterol to mycobacteria within the lysosomal
compartment was not measured but might still be altered by ATRA. However, from this
we conclude that the total intracellular concentration of cholesterol is not altered by

ATRA in uninfected or NTM infected THP-1 macrophages (Figure 4.5).
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Figure 4.5: ATRA does not affect the intracellular cholesterol concentration of uninfected THP-1
macrophages, or those infected with M. chimaera or M. abscessus. THP-1 macrophages were
treated with ATRA at 10uM for 3 hours or a vehicle control (DMSO). The cells were then infected
with M. chimaera or M. abscessus at an MOI of 1-2 bacilli/cell as per sections 2.3.3 and 2.3.4 for
24 hours. The total intracellular cholesterol concentration was then measured using a
luminescence assay described in section 2.5.2 (M. chimaera: N=5, M. abscessus: N=4). Statistical
comparisons were made using two-way ANOVA.
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4.4.8 ATRA alters THP-1 macrophage cytokine responses to M. chimaera

While we found that ATRA improved the ability of THP-1 macrophages to kill M.
chimaera, it did not affect the total intracellular cholesterol concentrations. We
wondered whether ATRA may improve the cytokine responses of THP-1 macrophages
infected with NTMs. ATRA was previously found to reduce IL-10 secretion in THP-1
macrophages infected with Mtb (134). IL-10 is known to inhibit phagosome maturation,
allowing Mtb growth (406). Other researchers found that ATRA increased the secretion of
IL-1B and IL-6 from LPS stimulated MDMs (144).

In our experiments, M. chimaera infection significantly induced the secretion of IFNy, IL-
10, IL-12p70, IL-1B, IL-6, IL-8 and TNFa from DMSO treated THP-1 macrophages at 48
hours post-infection, whereas M. abscessus did not significantly induce any cytokine at 18
hours post-infection. M. chimaera significantly increased the secretion of IFNy, IL-1B, IL-6
and TNFa in ATRA treated macrophages, but not IL-10, IL-12p70 and IL-8. We found that
ATRA reduced the concentration of IL-10 secreted by M. chimaera infected THP-1
macrophages. ATRA did not alter the secretion of cytokines from M. abscessus infected

macrophages (Figure 4.6).
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Figure 4.6: ATRA reduces macrophage IL-10 secretion in response to NTM infection. THP-1
macrophages were treated with ATRA at 10uM for 3 hours or a vehicle control (DMSO). The cells
were then infected with M. chimaera (A) or M. abscessus (B) at an MOI of 1-2 bacilli/cell as per
sections 2.3.3 and 2.3.4. Supernatant was collected at 48 hours or 18 hours post-infection for M.
chimaera and M. abscessus, respectively. The concentration of IFNy, IL-186, IL-6, IL-8, IL-10, IL-
12p70 and TNFa were measured using an MSD multiplex assay as per section 2.5.1 (N=5).
Statistical comparisons were made using two-way ANOVA.
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4.4.9 ATRAinduces the Warburg effect in THP1 macrophages, an effect which is
abrogated by inhibition of RAR«a

We then wondered if ATRA was affecting the metabolism of human macrophages
responding to NTMs. Macrophages undergo the Warburg effect when stimulated with
Mtb, and blocking glycolytic responses to Mtb infection reduces the ability of
macrophages to kill Mtb (38). A previous study found that MDMs treated with ATRA for 4
hours, then stimulated with LPS for 6 hours had a higher rate of glycolysis than untreated,
LPS stimulated cells (144). We wanted to understand the effect of ATRA on the earliest
metabolic responses of macrophages during infection with NTMs. Before doing so, we
sought to first determine what the acute metabolic effects of ATRA on human
macrophages are, and to determine if these metabolic effects are mediated through the
RARa nuclear receptor. The OCR and ECAR of THP-1 macrophages were measured over
time by the Seahorse analyser using a bespoke protocol (described in section 2.6.3): OCR
and ECAR were measured 39 times over approximately five hours (~every 8 minutes for
288 minutes). After the 3rd measurement, either DMSO (vehicle control) or the RAR«x
inhibitor, Ro 41-5253 were injected — Injection (1). After the 21st measurement, either
DMSO (vehicle control) or ATRA were injected — Injection (2). In total, four conditions
were studied: DMSO followed by DMSO; DMSO followed by ATRA; Ro 41-5253 followed
by DMSQO; and Ro 41-5253 followed by ATRA. The RARa inhibitor Ro 41-5253 (introduced
at ‘Injection (1)’) caused a modest increase in the ECAR from baseline after 140 minutes
(8.0% +/- SEM 1.3%) but did not significantly affect the relative OCR (2.8% +/- SEM 2.1%),
the raw ECAR values or the OCR:ECAR ratio. ATRA (introduced at ‘Injection (2)’) caused a
large increase in the ECAR from baseline after 140 minutes (37.8% +/- SEM 8.7%) and
decreased the OCR from baseline versus the vehicle control (-14.3% +/-SEM 6.5%).
Importantly, pre-treatment with the RAR«a inhibitor Ro 41-5253 (at ‘Injection (1)’)
abrogated the increase in ECAR and the reduction in OCR caused by ATRA. This suggests
that ATRA’s metabolic effects are being mediated at least in part through the RAR«x

receptor (Figure 4.7).
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Figure 4.7: ATRA induced the Warburg effect in THP-1 macrophages, an effect which was
abrogated by inhibition of RARa.THP-1 macrophages were plated onto Seahorse plates as
described in section 2.1.3. The OCR and ECAR were measured by the Seahorse analyser 39 times
over approximately five hours (~every 8 minutes for 288 minutes). After the 3rd measurement,
either DMSO (vehicle control) or the RARa inhibitor, Ro 41-5253 were injected — Injection (1) (‘Inj.
(1)’). After the 215 measurement, either DMSO (vehicle control) or ATRA were injected — Injection
(2) (“Inj. (2)’). In total, four conditions were studied: DMSO followed by DMSO,; DMSO followed by
ATRA; Ro 41-5253 followed by DMSO; and Ro 41-5253 followed by ATRA (N=4). For statistical
analysis of Injection (1) results, paired t tests were used. Normalised, non-baselined tracings
available in the appendix for chapter 4 (Figure 4.11). For statistical analysis of Injection (2) results,
two-way ANOVA or paired t test (significance denoted by #) were used.
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4.4.10 ATRA prevents the early glycolytic response of AMs to M. chimaera

Having demonstrated that ATRA induces the Warburg effect in uninfected THP-1
macrophages— most likely through its nuclear receptor RARa — we next sought to
understand the effects of ATRA on the metabolic responses of human alveolar
macrophages being infected with NTMs, in real time (as per section 2.6.2). On their own,
both M. chimaera and M. abscessus infections increased ECAR (Figure 4.8), which
concords with prior experiments examining the metabolic responses of human
macrophages to Mtb (iH37Rv), such as those presented in figure 3.7 and published

studies from our laboratory (368).

We then measured the effect of ATRA on these glycolytic responses. Starting with M.
chimaera, AMs were treated with ATRA or DMSO for three hours prior to infection in the
Seahorse analyser as described in section 2.3.3. Surprisingly, ATRA reduced the ECAR at
140 minutes post-infection with M. chimaera versus DMSO treated, infected AMs, but did
not affect the OCR. From this we conclude that ATRA prevents the increase in glycolysis

of AMs responding to infection with M. chimaera (Figure 4.9).
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Figure 4.8: M. chimaera and M. abscessus infections induce glycolysis in human AMs. Human
AMs were seeded onto Seahorse plates as described in section 2.1.2. AMs were treated with
DMSO (vehicle control for figures 4.9 and 4.10) as described in section 2.2.1, for 3 hours prior to
stimulation with M. chimaera or M. abscessus (MOI! 5-10 bacilli/cell) or Seahorse medium (SHM)
in the Seahorse analyser (N=4). Normalised, non-baselined tracings available in the appendix for
chapter 4 (Figure 4.11). Statistical comparisons were made using paired t test (OCR AUC, ECAR

AUC) or two-way ANOVA.
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Figure 4.9: ATRA prevented the glycolytic response of AMs to M. chimaera. Human AMs were
seeded onto Seahorse plates as described in section 2.1.2. AMs were treated with ATRA (10uM) or
DMSO (vehicle control) as described in section 2.2.1 — AMs were treated for 3 hours prior to
stimulation with M. chimaera (MOI 5-10 bacilli/cell) or Seahorse medium (SHM) in the Seahorse
analyser (N=4). Normalised, non-baselined tracings available in the appendix for chapter 4 (Figure
4.11). Statistical comparisons were made using one-way ANOVA (OCR AUC, ECAR AUC, Baseline
OCR:ECAR) or two-way ANOVA (‘Pre- vs. Post-Infection” OCR, ECAR and OCR:ECAR). Error bars

represent the SEM.
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4.4.11 ATRA prevents the early glycolytic response of AMs to M. abscessus

We then examined AMs during infection with M. abscessus. Again, AMs were treated
with ATRA or DMSO for three hours prior to infection in the Seahorse analyser as
described in section 2.3.3. As for infection with M. chimaera, ATRA did not affect the OCR
in M. abscessus infected AMs. However, ATRA did reduce the ECAR at 140 minutes post-
infection with M. abscessus versus DMSO treated AMs and versus the pre-infection
baseline ECAR. ATRA also resulted in an increase in the OCR:ECAR ratio with infection.
From this we conclude that ATRA prevents the increase in glycolysis of AMs responding to

infection with M. abscessus (Figure 4.10).

172



0 mins (pre-M. abs.)

OCR (% Change from Baseline) OCR AUC OCR (Pre- vs Post-Infection)
150 4000 - 200 - 250- ns ns
ns S—
ne 200 '
150 = . 3
~ 2000 . £ . .
g ! 3 g s g0 L
o 100 SPERRREREROARN | 111 ¢ o 100 £
o bbbl UL o S =
o 2 le) x 1004
< 0 3
50
50+
50 -2000 ~—1—71—T1— 0- 0-
0 20 40 60 80 100 120 140 160 N e DMSO | ATRA DMSO | ATRA
Time (minutes) S &a"‘ é,lé"
..... DMSO + SHM @gog\ bv'”“ ,505 B 0 mins (pre-M. abs.)
—=— DMSO + M. abscessus Q o ng O 140 mins (post-M. abs.)
ATRA + M. abscessus o‘@ ©
ECAR (% Change from Baseline) ECAR AUC ECAR (Pre- vs Post-Infection)
200 6000 Kk 250+ 60
et *kk * *
4000 200
1 i~ —" .
g 100 z = £ 40 .
S & 2000+ * 150 4 3 .
z ATIIT10 LI IILILLLLD g z &
g 100 g oA G 100 x
< + S 204
w
-2000 - 50
50
-4000 ~——1— 71— 0= 0-
0 20 40 60 80 100 120 140 160 Q@ £ DMSO ATRA DMSO ATRA
Time (minutes) ) &’;’ 009"
= DMSO +SHM ng & & E 0 mins (pre-M. abs.)
—=— DMSO + M. abscessus Q OX‘ZS’“X [0 140 mins (post-M. abs.)
O
ATRA + M. abscessus ow“ ®
Phenogram (Pre- vs Post-Infection) Baseline OCR:ECAR OCR:ECAR (Pre- vs Post-Infection)
Oxidative Energetic 204 154
200+
= - DMSO 154 ns ns #
£ s o o 10 —
S 150 ' 3 S .
E T 1= W 10 ] N
o - { & s & N
(8] o O 54 ¢ Py [
= 54 ¢ H 1 .
100 i .
Quiescent Glycolytic 0 0
1 1 1 1 1
20 30 40 DMSO ATRA DMSO ATRA
ECAR (mpH/min)

0 mins (pre-M. abs.)
4 140 mins (post-M. abs.)

4 140 mins (post-M. abs.)

Figure 4.10: ATRA prevented the glycolytic response of AMs to M. abscessus. Human AMs were
seeded onto Seahorse plates as described in section 2.1.2. AMs were treated with ATRA (10uM) or
DMSO (vehicle control) for 3 hours prior to stimulation with M. abscessus (MOI 5-10 bacilli/cell) or
Seahorse medium (SHM) in the Seahorse analyser (N=4). Normalised, non-baselined tracings
available in the appendix for chapter 4 (Figure 4.11). Statistical comparisons were made using
one-way ANOVA (OCR AUC, ECAR AUC, Baseline OCR:ECAR) or two-way ANOVA (‘Pre- vs. Post-
Infection” OCR, ECAR and OCR:ECAR) or paired t test (significance denoted using #). Error bars

represent the SEM.
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4.5 Discussion

In this chapter we show that ATRA is not directly toxic to either M. chimaera or M.
abscessus, and that ATRA improves the ability of macrophages to kill M. chimaera, but
not M. abscessus. Stated another way, ATRA was an effective HDT for M. chimaera in
vitro. While indirect evidence suggests that macrolides may benefit host responses to
Pseudomonas aeruginosa, and by extension macrolides are considered for their
immunomodulatory effects in pulmonary NTM infections, this is the first direct evidence
of efficacy of a purely host-directed therapy in an NTM infection (58,97,407). There are
several possible explanations as to why ATRA was not an effective HDT for M. abscessus
but is for M. chimaera and Mtb. Unlike Mtb, M. abscessus has been predicted to lack the
ability to catabolise cholesterol. While most MAC species can catabolise cholesterol, M.
chimaera was not specifically tested (408). If cholesterol fuel source restriction is the
primary mechanism through which ATRA acts as a HDT against Mtb and M. chimaera, it
could be expected that ATRA will be less effective against M. abscessus which does not
depend on cholesterol catabolism for its energy. While we did not show a reduction in
the total intracellular cholesterol concentration by ATRA of M. chimaera or M. abscessus
infected THP-1 macrophages, we did not investigate intracellular redistribution of
cholesterol. Other researchers have demonstrated a reduction in total intracellular
cholesterol concentration by ATRA, although this was in MDMs differentiated from
monocytes in the presence of GM-CSF (138) or in monocytes themselves (132). ATRA
upregulates macrophage cholesterol transporters ABCA1 and ABCG1, which pump
intracellular cholesterol to the extracellular space, and NPC2 which is a lysosome to

endoplasmic reticulum lipid transporter (132,138,139).

Pathogenic rapid-growing mycobacteria like M. abscessus have a much shorter doubling
time than slow growers like M. chimaera or Mtb (51). In Middlebrook liquid media, the
generation time of M. abscessus is 4-5 hours, compared with 10-12 hours for certain M.
avium species (409,410). ATRA acts through the transcription of genes and may therefore
take some time to exert its effects. It’s possible that ATRA may not operate on a relevant
timescale before there has been overwhelming growth of rapid growers. This might be

overcome with ATRA pre-treatment durations longer than those we investigated.
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NTMs such as M. abscessus can transition from a smooth to a rough phenotype. The
rough phenotype promotes apoptosis of its host cell, resulting in the extracellular
replication of released bacteria in large ‘serpentine cords’ (51). Because ATRA works by
improving macrophage killing of intracellular bacilli, it is likely less effective against rough
NTM variants, which migrate to the extracellular space. That being said, we investigated
the cell viability of THP-1 macrophages infected with M. abscessus, with or without ATRA,
and did not observe a significant increase in cell death even at 48 hours post-infection.
These data would argue against apoptosis-driven cell escape and extracellular replication
as the reason why ATRA was ineffective in M. abscessus infection. This could be further
explored by examining the efficacy of ATRA in improving macrophage killing of M.
abscessus, with extracellular antibiotics (e.g. amikacin) present in the media for the

duration of the CFU assay.

ATRA reduced IL-10 secretion from THP-1 macrophages infected with M. chimaera. This is
in concordance with what has been seen with Mtb (134). IL-10 is known to inhibit
phagosome maturation, allowing Mtb growth. The reduction in IL-10 may allow this
process to proceed, and may be partly responsible for ATRA’s efficacy in M. chimaera
infection (406). The lack of IL-10 reduction in M. abscessus infected THP-1 macrophages
could partially explain the differing CFU results that we observed in figure 4.4. Other
researchers found that ATRA increased the secretion of IL-1p and IL-6 from LPS
stimulated MDMs (144). ATRA also increased TNFa in animal models of TB infection
(135,137). We did not observe any change in IL-1pB, IL-6 or TNFa secretion following

infection of THP-1 macrophages with NTMs.

ATRA induced Warburg metabolism in THP-1 macrophages. ATRA is known to increase
cellular glucose uptake (411). Otherwise, the only published evidence of ATRA’s effects
on cellular metabolism comes from Alatshan et al, who investigated the metabolism of
ATRA treated MDMs (differentiated from monocytes in the presence of M-CSF) that were
unstimulated or stimulated with LPS for 6 hours. They also observed an increase in
glycolysis but did not observe a reduction in oxidative phosphorylation in the ATRA

treated, unstimulated condition at this later timepoint (144).
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Importantly, we found that inhibiting RARat in advance of ATRA treatment abrogated the
Warburg effect. This suggests that ATRA’s effects on cellular metabolism are mediated
through the binding and activation of its nuclear receptor. This is useful because ATRA
can also have non-genomic effects: ATRA can activate ERK1/2 kinases (126—128); ATRA
can activate p38 MAPK (412); ATRA can activate PI3K/Akt (413,414); and ‘retinoylation’ is
a post-translational alteration of proteins by eukaryotic cells by retinoic acid (120) which
may have a role in cell differentiation (130). This result also supports chapter 3
(Endogenous Macrophage ATRA Production and Mycobacterium tuberculosis)
experiments using Ro 41-5253, as they confirm the efficacy of this inhibitor of ATRA's
receptor. Furthermore, it could be proposed that the metabolic effects of RAR«a inhibition
that we observed in chapter 3 (Endogenous Macrophage ATRA Production and
Mycobacterium tuberculosis) might not be due to poor signalling through RARa, but
rather due to enhanced signalling of ATRA through other receptors, due to a greater
relative availability of ATRA for those receptors. This result argues against that
hypothesis, as one would expect an accentuation of the Warburg effect if this were the

case.

Despite inducing the Warburg effect immediately following injection in uninfected THP-1
macrophages, ATRA pre-treatment prevented the increase in glycolysis in human alveolar
macrophages that were infected with M. chimaera or M. abscessus. This differs from the
findings of Alatshan et al, who reported increased glycolysis and an associated increase in
HK2 expression in MDMs treated with ATRA, 6 hours after stimulation with LPS (144).
This divergence of findings might be explained by the different timepoints, cell types or
stimuli used. We chose to examine the acute metabolic changes of alveolar macrophages
responding to NTMs in real time, as we believe this best represents the important early
events of infection. Additionally, the divergence might be explained by the different
stimuli: Alatshan et al. used LPS whereas we infected AMs with live M. chimaera or M.
abscessus. In fact, while our group has previously investigated the real time metabolic
responses of human macrophages to irradiated mycobacteria, there are no published
reports of the real time metabolic responses of macrophages infected with live
mycobacteria (369). Our metabolic findings using live mycobacteria recapitulate those of

other researchers (and ours in chapter 3) using irradiated mycobacteria (369) — DMSO
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treated alveolar macrophages that were infected with NTMs raised their ECAR by
approximately 2 hours. The increase in glycolysis of macrophages responding to Mtb has
been shown to be important in bacillary killing (38). However, we observed that while
ATRA prevented the glycolytic response of AMs infected with M. chimaera, it also
improved their ability to kill M. chimaera. This suggests that other effects of ATRA, such
as effects on cholesterol or cytokines, are more determinative here. Future research

could compare the role of glycolysis in NTM versus Mtb-infected macrophages.

Both NTMs and Mtb can form biofilms. However, NTMs can survive in water sources in
the environment, infect prosthetic material more readily than Mtb and can permanently
colonise airways despite treatment, unlike Mtb. These observations hint at divergent
biofilm behaviours and capabilities between Mtb and NTM species, which could affect
ATRA's efficacy in vivo — HDTs which augment macrophage functions are likely less
effective for bacilli that are not within macrophages (51,415). We present the results of
experiments using a cellular infection model, which cannot address these questions.
Another confounding factor that may affect the clinical efficacy of ATRA as a HDT for

NTMs, and which is better studied in vivo, is ATRA’s effects on other immune cells (116).

There are several limitations of this research. This is a cellular infection model, and so
cannot account for all the interactions and complications that can be studied in vivo.
Using a longer pre-treatment duration before infection, or measuring CFUs for longer
after infection, may show that ATRA is also effective in M. abscessus infection.
Surprisingly, unlike Babunovic et al, we did not show an effect of ATRA on total
intracellular cholesterol in infected macrophages (138). The redistribution of cholesterol
between different cellular compartments is probably more relevant to cholesterol fuel
source restriction and should be further examined. We interpreted ECAR as a correlate of
glycolysis, however more specific metabolic assays could be done to ensure that the
changes in ECAR we observed are reflective of glycolysis. Non glycolytic acidification can
also contribute to ECAR and occurs due to production of CO2 via the TCA cycle. The CO2
produced is hydrated to carbonic acid which can reduce the extracellular pH. Lactate
secretion closely mirrors glycolytic ECAR (402) and future studies could include an end
point lactate measurement to confirm an increase in glycolytic flux. In addition, Agilent’s

Glycolytic Rate Assay, which uses sequential introduction of rotenone/antimycin A to
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inhibit OXPHOS and 2-DG to inhibit glycolysis, could be used to evaluate the relative
contributions of both pathways to ECAR. Finally, we did not examine the alterations of
macrophage gene expression that may underlie ATRA’s metabolic effects — mechanistic
insight into how ATRA alters macrophage metabolic responses would be desirable.
Although more work will be needed to determine how ATRA boosts macrophage
microbicidal activity against M. chimaera, the contrast between its effects on M.
abscessus and M. chimaera provides some clues. ATRA inhibited the metabolic shift
induced by both NTM species suggesting that glycolysis may not be a factor. In contrast,
IL-10 levels were decreased by ATRA only in M. chimaera-infected macrophages
suggesting that reduced IL-10 may play a role in this process. CFU experiments examining
the effect of ATRA plus glycolysis inhibitors and ATRA plus IL-10 supplementation or
ablation (e.g. using BMDMs from IL-10 deficient mice) would provide some mechanistic

insight.
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4.7 Conclusion

We present the first direct evidence of an effective HDT for an NTM infection. ATRA
improved the ability of human macrophages to kill the slow growing NTM species M.
chimaera, an effect that was macrophage dependent. ATRA altered macrophage cytokine
and metabolic responses to M. chimaera. While similar metabolic effects were observed
for the rapid grower M. abscessus, ATRA did not reduce M. abscessus CFUs. There is
strong rationale to investigate ATRA as a HDT for infections due to other MAC strains, and
to investigate the efficacy and effects of ATRA as a HDT in vivo in animal models of

infection due to slow growing NTM species.
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4.8 Appendix for Chapter 4
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Chapter 5

5 Human Alveolar Macrophage Responses to SARS-CoV-2

Antigens: The Influence of Age

5.1 Introduction

Advanced age is the strongest clinical risk factor for poor outcomes in COVID-19. Booth et
al. collated the clinical data from over 17 million patients with COVID-19 and found that
being over 75 years of age conferred an adjusted odds ratio (OR) of 1.93 for severity, and
5.82 for mortality from COVID-19. These risks were considerably higher than for other
well documented risk factors such as cardiovascular disease and obesity (265). These
worse outcomes in the elderly are associated with an increased risk of pulmonary
hyperinflammation and ARDS (416). Another clinical variable — smoking — not only impairs
pulmonary function over time, but has been associated with an increased risk of
hospitalisation and death from influenza (417,418). It is perhaps surprising, therefore,

that Booth et al. found active smoking to confer quite modest risks in COVID-19 (265).

AMs are the most numerous immune cells of the lung and are the resident, sentinel
immunocytes of this compartment that summon other innate and adaptive cells and
instruct their activation. AMs are known to be important in the host’s defence against
viral infections such as influenza A (17,18). It is therefore likely that AMs are the first
professional immune cells to encounter SARS-CoV-2 following transmission. Because AMs
can exert their influence so early in natural infection, before any homing monocytes,
neutrophils, or T cells arrive on the scene, it is possible that they play an outsized role in
determining the subsequent disease course. Indeed, RNA sequencing of the alveolar
compartment in COVID-19 patients supports the centrality of AMs in the immune circuits
that drive pulmonary inflammation in this condition — SARS-CoV-2 infected AMs have
increased expression of cytokines and chemokines including IL-1B, CCL2 and CXCL10 and
recruit memory T cells to the lung. These recruited T cells secrete IFNy, activating these

infected AMs, with subsequent death of these SARS-CoV-2 infected AMs (293).
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Despite the intriguing possibility of AMs’ influence on the clinical trajectory in COVID-19,
they are relatively understudied. Only three papers have been published in which
alveolar macrophages have been infected in vitro with SARS-CoV-2. Dalskov et al. infected
human AMs with SARS-CoV-2 and found no upregulation of type 1 or 3 interferons. Other
cytokines such as IL-6 and TNFa, which are independently associated with poor outcomes
in COVID-19, were not assessed by Dalskov and colleagues (283). They also observed that
human AMs did not express ACE2, whereas other researchers have found ACE2
expression in a minority of AMs in healthy individuals and at higher frequencies in
pulmonary fibrosis (294,296). Lv et al. infected humanised mouse AMs with SARS-CoV-2
in vitro and observed the secretion of IFNy, IL-6 and TNFa. They found that M1 polarised
AMs were more permissible to the replication of SARS-CoV-2 than M2 polarised AMs.
Interestingly, depletion of AMs was associated with reduced lung pathology in these mice
following infection in vivo (22). Labzin et al. infected human AMs with SARS-CoV-2 and
found they did not support the replication of SARS-CoV-2. They found that ACE2 was
needed to support SARS-CoV-2 replication and that ACE2 negative THP-1 macrophages
and MDMs did not secrete cytokines in response to SARS-CoV-2. The secretion of
cytokines from AMs, specifically, was not tested by Labzin et al. (295). Most recently,
Pahari et al. found that SARS-CoV-2 persistence in human AMs was higher than in human
MDMs, although AMs were not permissive to viral growth, like a Vero E6 cell line was
(419). Overall, the weight of the evidence suggests that human AMs are, on the whole,

not supportive of SARS-CoV-2 replication.

However, even if human AMs cannot be productively infected by SARS-CoV-2, they may
still produce cytokines in response, which influence the disease course. There are no
experimental data to indicate whether AMs secrete cytokines (other than the negative
data for type 1 and 3 interferons mentioned above) following contact with the SARS-CoV-
2 virus. AMs express surface pattern recognition receptors (PRRs) such as TLR2 and TLR4
which may detect SARS-CoV-2 antigens such as spike protein or envelope protein.
Multiple studies have investigated these SARS-CoV-2 antigens and PRRs in THP-1
macrophages, human MDMs, HEK cells, murine BMDMs and murine RAW macrophages
and have produced variable and conflicting results (300-305). Importantly, none of these

studies examined the sentinel, resident immune cell of the lung — the human AM.
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We aimed to understand if human AMs recognise SARS-CoV-2 antigens, and if so by what
surface PRR and what cytokines are produced as a result. We also aimed to discover if the
cytokine responses of human AMs to these antigens vary according to the clinical risk
factors of age and smoking status — a possible mechanism underlying the different

disease trajectories followed by these patient cohorts.

SARS-CoV-2
Y Spike Protein (S)
K m 3.
A% &‘v Envelope Protein (E)
% rﬁg% . R
* ¥ {@lﬂl »‘
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& * #*
QTI * O Al
o \ e\
a0 A=
[J‘}xj 1\\/\_, Alveolar Macrophage (AM)

Figure 5.1: Following droplet transmission, SARS-CoV-2 enters the airways where it encounters its
first professional immune cell — the human alveolar macrophage (AM). AMs may sense SARS-CoV-
2 surface proteins such as spike protein or envelope protein by toll-like receptors such as TLR2 or
TLR4 and respond by secreting cytokines and chemokines. These AM responses may be
determinants of subsequent immune cell migration and responses that result in severe COVID-19
disease. These AM responses may also vary with age, which could partly explain the divergent
clinical courses observed in young and old patients.
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5.2 Aims and Hypotheses

Overall Aim

To assess if and how human AMs respond to SARS-CoV-2 antigens and the SARS-CoV-2

virus itself.

Specific Aims

Aim 1: To determine if human AMs produce cytokines in response to SARS-CoV-2

antigens, and by which TLR.

Research Question 1: Do human AMs produce cytokines in response to SARS-CoV-2 spike
protein or envelope protein, and are those cytokine responses dependent on TLR2 and/or

TLR4?

Hypothesis 1: SARS-CoV-2 spike protein or envelope protein will induce cytokine
secretion from human AMs, and those cytokine responses will be diminished by blocking

antibodies against TLR2 or TLR4.

Aim 2: To understand if the clinical risk factors of age and smoking are associated with

different cytokine responses of human AMs to SARS-CoV-2 antigens.

Research Question 2: Do AMs from donors over the age of 75 years old, or from current
smokers, have different cytokine responses when stimulated with SARS-CoV-2 antigens

than AMs from donors under the age of 75 years old, or from never- and ex-smokers?

Hypothesis 2: AMs from donors over the age of 75 years old will have a more pro-
inflammatory cytokine response when stimulated with SARS-CoV-2 antigens than those
from donors under the age of 75 years old. AMs from current smokers will have a less
pro-inflammatory cytokine response when stimulated with SARS-CoV-2 antigens than

those from never- and ex-smokers.
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Aim 3: To determine how human AMs respond to SARS-CoV-2.

Research Question 3: Can human AMs be productively infected with SARS-CoV-2, and do

they mount a cytokine response to the SARS-CoV-2 virus?

Hypothesis 3: Human AMs are not productively infected with SARS-CoV-2, but do mount

a cytokine response to the virus.
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5.3 Results

5.3.1 SARS-CoV-2 envelope protein, but not spike protein, induces the secretion of

cytokines from human AMs

We first aimed to establish whether the SARS-CoV-2 spike protein or envelope protein
induced a cytokine response from human AMs. AMs were isolated from BAL fluid of
patients undergoing routine bronchoscopy, as described in section 2.1.2, selected by
adherence purification overnight and used within 2-4 days (Table 5.1). The AMs were
then treated with blocking antibodies against TLR2, TLR4 or an isotype control antibody
(control IgG) (all 10 pg/ml) and then stimulated with SARS-CoV-2 spike protein or
envelope protein (both 1 pg/ml) or unstimulated (as per sections 2.2.3 and 2.3.6).
Untreated AMs that were stimulated with LPS (100 ng/ml), or unstimulated, were used as
positive and negative controls, respectively. Cytokine concentrations were measured in
supernatant that was collected 24 hours following stimulation, using an MSD multiplex

assay.

The two unstimulated negative control conditions (untreated and control IgG treated)
had statistically equivalent concentrations of all cytokines. For all cytokines except IL-8,
the background cytokine concentrations were negligible. SARS-CoV-2 spike protein did
not induce the secretion of any of the tested cytokines above the levels of the negative
controls. However, stimulation of human AMs with SARS-CoV-2 envelope protein
resulted in a significant secretion of IFNy, IL-12p70, IL-1B, IL-6 and TNFa. From this we
conclude that human AMs detect and mount a cytokine response to the SARS-CoV-2

envelope protein, but not the spike protein (Figure 5.2).
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Fig. 5.9

Table 5.1: AM Donor characteristics.
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Figure 5.2: SARS-CoV-2 envelope protein, but not spike protein, induces the secretion of
cytokines from human alveolar macrophages. AMs were isolated from BAL fluid of patients
undergoing routine bronchoscopy, selected by adherence purification over 2-4 days (washing
twice prior to experimentation). AMs were treated with blocking antibodies against TLR2, TLR4 or
an isotype control antibody (control IgG) (all 10 ug/ml) or untreated for one hour and then
stimulated with SARS-CoV-2 spike protein or envelope protein (both 1 ug/ml). Untreated AMs that
were stimulated with LPS (100 ng/ml) or unstimulated and were used as positive and negative
controls, respectively. Supernatant was collected at 24 hours post-stimulation. The concentration
of cytokines was measured using an MSD multiplex assay. The statistical comparison presented
here is between the untreated and different control IgG treated groups (n=8). Statistical
comparisons were made using Friedman test with Dunn’s multiple comparisons test.
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5.3.2 TLR4, and not TLR2, recognises SARS-CoV-2 envelope protein on human AMs

We next sought to understand if the SARS-CoV-2 envelope protein was detected by either
the TLR2 or TLR4 receptors. We first validated the effectiveness of blocking antibodies
against TLR2 and TLR4 by treating human AMs (Table 5.1) with these antibodies or an
isotype control antibody (control I1gG) for one hour, and then stimulated the cells with
known ligands for TLR2 (PAM3CSK4 at 1 or 2.5ug/ml) or TLR4 (LPS at 100 ng/ml). 24 hours
later, the cytokine concentrations were measured as before. LPS stimulation significantly
induced IFNy, IL-12p70, IL-6 and TNFa secretion from AMs and the blocking antibody
against TLR4 resulted in a reduction of IFNy, IL-10 and TNFa secretion. PAM3CSK4 did not
significantly induce the secretion of any cytokine from AMs. This is consistent with prior
reports that human AMs have significantly lower TLR2 expression than monocytes, and
do not produce a cytokine response following stimulation with PAM3CSK4 (420). It would
be desirable to validate the TLR2 blocking antibody using another cell type that expresses

higher levels of TLR2 and responds to TLR2 ligands, for example MDMs (Figure 5.3).

We used these same blocking antibodies to investigate whether the SARS-CoV-2
envelope protein signalled through TLR2 or TLR4. Again, human AMs were treated with
the blocking antibodies or an isotype control antibody for one hour before stimulation
with SARS-CoV-2 envelope protein. Blocking TLR2 did not significantly reduce the
secretion of any cytokine. Blocking TLR4 resulted in a significant reduction in both IL-6
and TNFa secretion from human AMs, with a non-significant trend towards decreased
secretion of IFNy, IL-10, IL12p70 and IL-1P also evident. Interestingly, blocking TLR4
resulted in increased IL-8 secretion. We concluded from this data that SARS-CoV-2

envelope protein is recognised by TLR4 on human AMs (Figure 5.4).
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Figure 5.3: Antibodies against TLR4 diminish AM cytokine responses to LPS. AMs were isolated
from BAL fluid as previously described. AMs were treated with blocking antibodies against TLR2,
TLR4 or an isotype control antibody (control IgG) (all 10 ug/ml) or untreated for one hour and then
stimulated with PAM3CSK4 1 ug/ml, PAM3CSK4 2.5 ug/ml, LPS 100 ng/ml or unstimulated.
Supernatant was collected at 24 hours post-stimulation. The concentration of cytokines was
measured using an MSD multiplex assay. (n=3). Statistical comparisons were made using one-way
ANOVA or ratio paired t tests (significance denoted by #).
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Figure 5.4: Blocking antibodies against TLR2, but not TLR4, alter the cytokine responses of
human alveolar macrophages to SARS-CoV-2 envelope protein. AMs were isolated, treated and
stimulated as previously described. Supernatant was collected at 24 hours post-stimulation. The
concentration of cytokines was measured using an MSD multiplex assay. The statistical
comparison presented here is between the different envelope protein stimulated groups (n=8).
Statistical comparisons were made using Friedman test with Dunn’s multiple comparisons test.
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5.3.3 AMs from older donors have higher cytokine responses to SARS-CoV-2 envelope

protein than AMs from younger donors

Those older than 75 years of age are at far higher risk of severity and mortality due to
COVID-19 (265). We compared the cytokine secretion of AMs responding to envelope
protein from donors older or younger than 75 years. For unstimulated AMs, there was no
difference between younger and older donors for any cytokine — older and younger
donor’s AMs were indistinguishable at rest. Stimulation of the AMs with SARS-CoV-2
envelope protein resulted in a significantly higher concentration of IFNy, IL-10, IL-12p70,
IL-1B, IL-6 and TNFa in donors over the age of 75 compared with those under 75 years
old. From this we conclude that older donors’ AMs are more responsive to SARS-Cov-2
envelope protein than younger donors AMs, producing more pro-inflammatory cytokines

(in addition to more IL-10) (Figure 5.5).
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Figure 5.5: Alveolar macrophages from donors aged over 75 years old had higher cytokine
responses to SARS-CoV-2 envelope protein than younger donors. AMs were isolated, treated and
stimulated as previously described. Supernatant was collected at 24 hours post-stimulation. The
concentration of cytokines was measured using an MSD multiplex assay. The statistical
comparison presented here is younger (n=5) and older (n=3) donor AMs treated with control IgG
then stimulated with envelope protein, or unstimulated. Statistical comparisons were made using

two-way ANOVA.
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5.3.4 AMs from older donors do not have significantly different cytokine responses to

LPS than AMs from younger donors

We also compared the cytokine secretion of AMs responding to our positive control, LPS,
from donors older or younger than 75 years old. LPS stimulation did not result in a
significantly different secretion of any cytokines between younger and older donors. IL-6
in particular, which has been independently associated with COVID-19 severity and
mortality, had nearly identical secretion by younger and older donors’ AMs in response to
LPS, whereas we observed a stark age difference following stimulation of human AMs
with the envelope protein (283). This suggests that the age differences observed with
envelope protein might be a specific effect rather than a general effect of AM stimulation

(Figure 5.6).
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Figure 5.6: Alveolar macrophages from donors aged over 75 years old did not have higher
cytokine responses to LPS in than younger donors. AMs were isolated, treated and stimulated as
previously described. Supernatant was collected at 24 hours post-stimulation. The concentration
of cytokines was measured using an MSD multiplex assay. The statistical comparison presented
here is younger (n=5) and older (n=3) donor untreated AMs stimulated with LPS, or unstimulated.

Statistical comparisons were made using two-way ANOVA.
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5.3.5 AMs from smokers had lower cytokine responses to SARS-CoV-2 envelope

protein than AMs from never- or ex-smokers

Our laboratory has previously reported impaired TNFa, IFNy and IL-1[ secretion in
smokers’ AMs responding to Mtb (421). We wondered whether the same impairment
could be observed in smokers’ AMs responding to the SARS-CoV-2 envelope protein. We
found that following stimulation with envelope protein, AMs from current smokers
produced significantly less IFNy, IL-10, IL-12p70, IL-1B, and IL-6 than AMs from never- or
ex-smokers. Importantly, current smokers had the same age as never- or ex-smokers, so
this result cannot be due to a younger mean age of smokers (mean age 59.7 versus 59.8
years — no statistically significant difference). This finding aligns well with previous
research indicating that smoking impairs human AMs’ cytokine responses in infection

(Figure 5.7).
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Figure 5.7: Alveolar macrophages from smokers had lower cytokine responses to SARS-CoV-2
envelope protein than non-smokers. AMs were isolated, treated and stimulated as previously
described. Supernatant was collected at 24 hours post-stimulation. The concentration of cytokines
was measured using an MSD multiplex assay. The statistical comparison presented here is
smokers’ (n=4) and non-smokers’ (n=4) AMs treated with control IgG then stimulated with
envelope protein, or unstimulated. Statistical comparisons were made using two-way ANOVA.
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5.3.6 AMs from smokers did not have significantly different cytokine responses to LPS

than AMs from never- or ex-smokers

We investigated if smoking also impaired human AM cytokine responses to LPS.
Interestingly, as was also true for age, current smoking did not significantly affect human
AM cytokine responses to LPS. Other researchers have found that LPS stimulation results
in diminished cytokine secretion from murine and human AMs exposed to cigarette
smoke (422-424). Our findings could support the hypothesis that the effect of envelope

protein we observed is somewhat specific (Figure 5.8).
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Figure 5.8: Alveolar macrophages from smokers did not have lower cytokine responses to LPS
than non-smokers. AMs were isolated, treated and stimulated as previously described.
Supernatant was collected at 24 hours post-stimulation. The concentration of cytokines was

measured using an MSD multiplex assay. The statistical comparison presented here is smokers’
(n=4) and non-smokers’ (n=4) untreated AMs stimulated with LPS, or unstimulated. Statistical
comparisons were made using two-way ANOVA.

199




5.3.7 SARS-CoV-2 does not induce the secretion of cytokines from human AMs

Following our observations that SARS-CoV-2 envelope protein induces a cytokine
response from human AMs, we then investigated if the SARS-CoV-2 virus itself also
induced a cytokine response from human AMs. Human AMs were obtained as before.
Human AMs were infected with SARS-CoV-2 at an MOI of 1 or 5 virions/cell, or
uninfected, by our colleagues Dr. Hossam Gewaid and Prof. Andrew Bowie. The
supernatant was collected at 48 hours post-infection. We measured the cytokine
concentrations as before using an MSD multiplex assay. Two donors’ AMs were infected,
and the supernatants assessed. /n vitro infection of AMs with SARS-CoV-2 did not result in

the increased secretion of cytokines (Figure 5.9).

In separate experiments with additional donors, secreted IFN-I was measured using a
bioassay, as well as the mRNA expression of IFN-A1, IFN-A2/3, TNFa and IL-18 using PCR.
In vitro infection of AMs did not induce IFN-I secretion, or IFN-A1, IFN-A2/3 or TNFaa mRNA
expression. A trend towards increased IL-13 mRNA expression with increasing SARS-CoV-
2 MOI was observed, although only two donors were assessed, so this requires further

investigation (Figure 5.10).
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Figure 5.9: SARS-CoV-2 of AMs did not induce cytokine secretion from AMs. AMs were isolated
from BAL fluid as before and infected with SARS-CoV-2 at an MOI of 1 or 5 virions/cell, or
uninfected. Supernatant was collected at 24 hours post-stimulation. The concentration of
cytokines was measured using an MSD multiplex assay (N=2).
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5.3.8 SARS-CoV-2 does not productively infect human AMs

Finally, we sought to understand if human AMs could be productively infected with SARS-
CoV-2. Human AMs were obtained as before and then infected by our colleagues Dr.
Hossam Gewaid and Prof. Andrew with SARS-CoV-2 at a range of MOls (0.01,0.1, 1 or 5
virions/cell) or uninfected for 48 hours. A viral plague assay was performed, and viral RNA
was quantified using PCR. When compared with the positive control (Calu-3 human
epithelial cell line), AMs infected with SARS-CoV-2 resulted in lower plaque-forming units,
even at high MOls. Infecting AMs also resulted in low RNA copies of SARS-coV-2 per
microgram of total RNA, consistent with viral persistence rather than a productive

infection of human AMs by SARS-CoV-2 (Figure 5.10).
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Figure 5.10: SARS-CoV-2 infection of AMs did not result in a type-1 or type-3 interferon

response. AMs were isolated from BAL fluid as before and infected with SARS-CoV-2 at a range of
MOlIs, or uninfected. As a positive control, Calu-3 cells were infected with SARS-CoV-2 at an MOI of
0.001 to 1 virions/cell. At 48 hours post-infection a plaque assay, viral RNA quantification using
PCR, measurement of mRNA expression of IFN-A1, IFN-A2/3, TNFa;, IL-18 using PCR and an IFN-|
bioassay were performed (N=1, 5, 2, 2, 4, 2). Statistical comparisons were made using one-way

ANOVA.
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5.5 Discussion

We found that SARS-CoV-2 envelope protein is recognised by TLR4 on human AMs,
leading to the production of proinflammatory cytokines. AMs from older donors had
higher cytokine secretion, and AMs from current smokers had lower cytokine secretion.
This is the first report of human AMs producing cytokines in response to SARS-CoV-2

antigens, and the first to correlate those responses with clinical risk factors.

Blocking antibodies against TLR4 significantly reduced the secretion of IL-6 and TNFa
from envelope protein stimulated AMs, compared with isotype control antibody treated
AMs. This suggests that SARS-CoV-2 envelope protein is sensed by TLR4 on human AMs.
Other viral glycoproteins like the RSV fusion protein are known to be TLR4 ligands (304).
Other researchers have also found that SARS-CoV-2 envelope protein signals through
TLR4 (303,305). Anand et al. observed NF-kB signalling in THP-1 and murine RAW
macrophage cell lines stimulated with envelope protein, which was abrogated by
knocking out TLR4. Zheng et al. reported that envelope protein induced cytokine
secretion from BMDMs that was diminished by knocking out TLR2, but did not examine
TLR4 knockouts as a comparison (302). Previous research has suggested human AMs have
significantly lower TLR2 expression than monocytes, and do not produce a cytokine

response following stimulation with PAM3CSK4 (420).

Envelope protein induced the secretion of the cytokines IL-6, TNFa, IL-13, IFNy and IL-
12p70. These cytokines have wide-ranging effects on other innate and adaptive immune
cells, including but not limited to neutrophil production and recruitment to the tissues
(IL-6), cell death (TNFa), activation of monocytes and neutrophils (IL-1p), activation of
macrophages and other phagocytes (IFNy) and the differentiation of T helper cells to a
Th1 phenotype (IL-12p70) (425). IL-6 and TNFa are independently associated with
severity and mortality in COVID-19 (283). However, the secretion of IL-6 and TNFa from
monocytes infected with SARS-CoV-2 in vitro was entirely dependent on IL-13 (286). IL-13
has been detected in bronchoalveolar lavage fluid and pathological specimens from
COVID-19 patients (288,289). Unlike the other cytokines we measured, IL-13 requires
inflammasome activation for its own activation and secretion. Unusually, in addition to its

triggering of ‘signal 1’ of the NLRP3 inflammasome - TLR4 (as we have observed) - SARS-
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CoV-2 envelope protein may also act as ‘signal 2’ through its function as a cation channel
(274,280,281,291,292). That being said, LPS also induced IL-1B secretion in our AMs, so

both LPS and envelope protein appear to be acting both as signal 1 and 2 in human AMs.

We found that SARS-CoV-2 spike protein did not induce the secretion of any cytokines
from human AMs. Zheng et al. also found that spike protein does not stimulate cytokine
secretion from murine BMDMs or human PBMCs, in contrast to envelope protein (302).
Van der Donk et al. found that spike protein did not induce cytokine production by
monocyte derived dendritic cells (426). On the other hand, Khan et al. report that S1 and
S2 subunits of the spike protein induced cytokine secretion by THP-1 macrophages and
Theobald et al. found that spike protein induced cytokine secretion from human
monocyte-derived macrophages (300,301). This variability may be the result of reagent
contamination in some instances, differences in experimental design or reagents used in
others, or perhaps may reflect a true variability of response according to cell type.
Indeed, tissue resident AMs like those we studied, are well described to be less pro-

inflammatory than monocytes or macrophages of monocyte origin (315,427).

We did not observe cytokine secretion from the two donors’ AMs infected with SARS-
CoV-2 that we assessed. We also did not observe IFN-I secretion or IFN-A1, IFN-A2/3
MRNA upregulation in response to SARS-CoV-2 infection. This concords well with what
others have found and probably reflects a lack of viral replication in these cells (294).
Interestingly, in the two donors that were assessed, SARS-CoV-2 infection was associated
with an MOI-dependent increase in IL-1B mRNA expression. AMs could be primed by non-
productive infection (signal 1) inducing mRNA expression of IL-1B, thereby increasing
their propensity to secrete active IL-1B if exposed to signal 2 in an inflammatory milieu,
for example in the form of DAMPs or PAMPs. It is possible that in vivo, antigens such as
the envelope protein accumulate during infection, activating AMs as was observed in

murine studies (305).

We observed that AMs from donors over the age of 75 years old had higher cytokine
secretion than younger donors. This is the first evidence of age affecting human AM
cytokine responses. There are multiple possible mechanisms that could explain this

difference. The first is a higher baseline NLRP3 inflammasome activation in AMs from
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older donors. Stout-Delgado et al. observed higher inflammasome activation in AMs from
aged mice (326). Other authors have proposed increased baseline inflammasome
activation resulting from higher mitochondrial ROS or DNA as an explanation for
hyperinflammation in older patients with COVID-19 (290,327). IL-1B potentiates the
release of IL-6 and TNFa from SARS-CoV-2 infected monocytes, so its release could
amplify the secretion of other cytokines (286). As mentioned above, the SARS-CoV-2
envelope protein may activate the NLRP3 inflammasome through its function as a cation
channel and TLR4 ligand. Therefore, in the early moments of SARS-CoV2 infection, or
perhaps later in the disease course, AMs from the elderly — that have increased baseline
NLRP3 activation — might respond more vigorously to SARS-CoV-2 envelope protein and
secrete more activated IL-1B, which can further amplify the production and potentiate
the effects of other pro-inflammatory cytokines like IL-6 and TNFa. Perhaps this underlies
some of the variance in COVID-19 severity that divides the old from the young. This
variance suggests that inhibitors of the AM inflammasome might alleviate

hyperinflammatory responses to SARS-CoV-2 envelope protein in the elderly.

There are other possibilities beyond the inflammasome. The second possible mechanism
is differing baseline AM polarisation. Canan et al. reported that lung macrophages from
aged mice had an activated phenotype (319). Boe et al. found that AMs from aged mice
had higher TLR4 expression — a third possible mechanism (311). A fourth possible
mechanism relates to the ontogeny of AMs. AMs are derived from the foetal yolk sac and
are phenotypically distinct from MDMs. Over time, after repeated pulmonary
immunological insults and infections, these native AMs can be replaced by AMs that
originate from the bone marrow. These AMs of bone marrow origin make up a higher
proportion of total AMs in the elderly and may have a distinct, pro-inflammatory
phenotype (315). Although, other research suggests that the lung microenvironment
rather than the ontogeny of AMs dictate their behaviour (316). Finally, ageing affects
monocyte metabolism, which may have downstream effects on cellular responses to
infection such as cytokine production, in particular IL-1B (38,428). Unpublished data from
our own laboratory, courtesy of Dr. Donal Cox, suggests that AMs from older donors may
be less energetic (lower ECAR and OCR) at baseline, although this might be expected to

be associated with lower IL-1P secretion (38). These five mechanisms could possibly
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explain the differences between older and younger donors’ AMs’ cytokine responses to
envelope protein and could be pursued with future research. Whatever the mechanism,
the augmented cytokine responses in older donors may be relevant in explaining the

worse disease trajectories older patients follow.

We also observed lower cytokine responses in AMs from active smokers following
stimulation with envelope protein, when compared with never or ex-smokers. Both
groups had the same mean age. Our own laboratory has previously reported impaired
TNFa, IFNy and IL-1B secretion in smokers’ AMs, and observed diminished energetics in
smokers’ AMs responding to Mtb (363,421). This new finding concurs with that prior
research and paints a picture of impaired pulmonary cytokine responses in smokers
during SARS-CoV-2 infection. Cigarette smoking results in chronic obstructive pulmonary
disease, emphysema, impaired pulmonary function and a risk of clinical decompensation
with respiratory failure. As such, it is perhaps surprising that smoking has not been found
to be a strong risk factor for severity in COVID-19, unlike in influenza (265,417,418). One
speculative explanation could be that the increased risk of severe disease attributable to
chronic lung disease in smokers is counterbalanced by a protective effect — the blunted
cytokine response of smokers AMs responding to SARS-CoV-2 envelope protein that we

observed.

It could be suggested that the effects we observed might be due to a contamination of
our envelope protein reagent with LPS, rather than the envelope protein itself. Several
factors cast doubt on this proposition. The first is that in our experiments, neither
smoking nor age significantly affected the responses of AMs to LPS, unlike with envelope
protein, suggesting a distinct effect. The second is that other researchers have used the
exact same envelope protein reagent (same source and catalogue number) in zebrafish
and murine experimental models and found results that are concordant with ours. Zheng
et al. stimulated human PBMCs with envelope protein and observed TNFa, IFNy, IL-6, and
IL-18 mRNA expression upregulation, and found that envelope protein induced lung
inflammation and pathology when inhaled by mice (302). Tyrkalska et al. stimulated
human PBMCs and neutrophils with envelope protein and observed TNFa and IL-1B
mMRNA expression upregulation. The authors also injected envelope protein into the

hindbrain of zebrafish, and observed immune cell recruitment and cytokine upregulation,
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especially IL-1B (429). The third is that Anand et al. used a different, but similarly
manufactured, envelope protein reagent that also aligned with our results. Anand et al.
stimulated THP-1 and RAW macrophages with envelope protein and observed increased
NF-kB signalling, which was not affected by polymyxin B — a test for LPS contamination.
Knocking out TLR4 entirely abrogated the envelope protein induced NF-kB signalling,
bolstering our findings that TLR4 blocking antibodies diminished AM responses to
envelope protein. They also administered envelope protein intratracheally to mice,
inducing lung inflammation and reactive oxygen species (ROS) production in murine
alveolar macrophages (305). Finally, this envelope protein reagent has been tested for
LPS contamination — both by the manufacturer using a LAL assay (<0.1 endotoxin units/ug
of envelope protein) and by colleagues in our department using a V8 protease assay (data
not shown) — neither of which suggested LPS contamination. If these results were due to
LPS and not envelope protein, this would be the first evidence of LPS causing different
responses in AMs from older donors. How Envelope protein might activate TLR4 is
unclear. The hydrophobic Lipid A moiety of LPS binds to MD2 leading to dimerisation of
an LPS/MD2/TLR4 complex to stimulate downstream signalling pathways. Viral proteins
known to activate TLR4 include VSV G protein, RSV F protein, Dengue virus NS1, and
Ebola virus glycoprotein. It is not known how these proteins interact with MD2/TLR4 but
they have several things in common including being membrane-bound, glycosylated and
containing hydrophilic domains (430). The coronavirus envelope proteins contain a
hydrophobic transmembrane domain and a C-terminal domain containing motifs for
glycosylation and palmitoylation (431). Detailed crystallographic and binding studies will
be required to establish whether SARS-CoV-2 envelope protein directly interacts with the
TLR4/MD2 complex.

These results may increase our understanding of COVID-19 immunopathology and why
older people are at such increased risk of severe disease and poor outcomes. In addition
to these insights, there are several possible practical applications of this research. One is
the development of treatments: If AMs are a primary source of proinflammatory
cytokines and chemokines in the lungs of COVID-19 patients, then targeting AMs directly

— perhaps through inhaled therapies — may reduce COVID-19 immunopathology.
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Another potential application of this research relates to prevention and vaccine research:
We have shown that the envelope protein, and not the spike protein, provokes a cytokine
response from human AMs, and is perhaps therefore partly responsible for downstream
immune cell recruitment and immunopathology. It follows that antibodies (therapeutic or
vaccine induced) targeting the envelope protein might diminish this cytokine response.
An advantage of targeting the envelope protein in COVID-19 vaccine development is that
it is highly genetically conserved, more stable than the spike protein (335). Antibodies
against the SARS-CoV-2 envelope protein can develop in response to natural infection
(432). Despite this, research exploring the potential of envelope protein as a candidate
antigen for COVID-19 vaccines has been limited to computational analyses of envelope
protein epitopes, and no clinical trials have been run (328,330,433—-435). There is only
one published, small laboratory study of an envelope protein-containing vaccine. The
researchers vaccinated mice with an experimental DNA based vaccine containing the
envelope protein antigen. This envelope protein vaccine did not affect SARS-CoV-2 viral
loads, which could be expected given that spike protein is responsible for cell entry.
However, the envelope protein vaccine induced T and B cell immunity and prevented
lung pathology following an inhalational challenge with SARS-CoV-2. This reduction in
pathology by an envelope protein vaccine strengthens the case that our (and other
researchers) use of recombinant envelope proteins is relevant to natural infection (436).
The inclusion of the envelope protein as an antigen in COVID-19 vaccines, alongside the

spike protein, may improve their efficacy in preventing lung pathology in the elderly.

Many vaccine adjuvants such as aluminium salts act through NLRP3 inflammasome
activation (437). As previously discussed, the SARS-CoV-2 envelope protein forms cation
channels in the host endoplasmic reticulum membrane, that result in NLRP3
inflammasome activation (274,280,281,291,292). Therefore, pairing the envelope protein
with spike protein in COVID-19 vaccines may not only induce adaptive T cell responses (or
perhaps anti-envelope protein antibodies that could block its binding with TLR4), but also

act as an adjuvant.

There are several limitations with this research. There are inherent difficulties in
collecting BAL samples. This scarcity of AM donors combined with inter-donor variability

and low cell counts manifest in several ways in this research. It is possible that our
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experiments are underpowered, and that the addition of donors would reveal that the
effects of LPS are also dependent on age or smoking status. We could not stratify the
results of the live SARS-CoV-2 infection experiments by age or smoking status. The degree
to which experiments using SARS-CoV-2 antigens are relevant to natural infection is
difficult to gauge. However, support for the relevance of envelope protein in SARS-CoV-2
pathogenesis comes from the findings that envelope protein alone causes lung
inflammation in mice when inhaled and that an experimental envelope protein vaccine
reduced lung pathology in mice (305,436). In vivo models of SARS-CoV-2 infection would
also be better placed to examine the downstream consequences of AM responses to
envelope protein on immune cell recruitment as well as examining these responses in
aged mice. A feasible and informative extension of our research, that we plan on
pursuing next, is to assess if anti-envelope antibodies are effective at diminishing the

cytokine responses of human AMs in vitro.
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5.6 Conclusion

In the earliest phase of SARS-CoV-2 infection, AMs of older adults might produce
significantly more proinflammatory cytokines following the recognition of SARS-CoV-2
envelope protein by the receptor TLR4. This effect may partly explain the worse clinical
trajectories followed by these older patients. The inclusion of envelope protein as an
antigen in COVID-19 vaccines alongside spike protein may improve their efficacy in

reducing pathology in older patients.
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Chapter 6

6 Discussion

In this thesis, we present our research investigating early immune responses to emerging
and enduring respiratory pathogens. Those pathogens include Mycobacterium
tuberculosis, nontuberculous mycobacteria such as M. chimaera and M. abscessus, and
SARS-CoV-2. Here we summarise those findings, discuss their relevance to the research
and clinical domains, and make suggestions for how this research could be built upon in

the future.

6.1 Relevance of Chapter 3 to the Research and Clinical Domains

In chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis), we aimed to examine the relationships between endogenous vitamin A
pathways and macrophage responses to Mtb infection. First, we aimed to understand if
human macrophages expressed vitamin A oxidation enzymes and ATRA carrier proteins
and to determine the effect of Mtb infection their expression. Secondly, we aimed to
determine the effects of endogenously produced ATRA on macrophage responses to Mtb
infection. These were important questions to investigate because they are relevant to
understanding why people with VAD are at higher risk of active TB, why previous trials of
retinol as an adjunct to TB therapy have failed and how ATRA may be an effective HDT for
TB.

Our results in chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) are novel and push the boundaries of scientific knowledge in several
respects. We are the first to demonstrate the expression of the vitamin A oxidation
enzymes DHRS3, DHRS9, RDH10, ALDH1a1, ALDH1a2, ALDH1a3 and ALDH3b1 and the
ATRA carrier protein FABP5 in human MDMs and AMs. We are the first to report that the
macrophage expression of these vitamin A enzymes and ATRA carrier proteins is reduced
by Mtb infection and LPS stimulation. We are the first to find that GM-CSF and IL-4

increase vitamin A oxidation enzymes in human MDMs. We are the first to show that the
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signalling of endogenously produced ATRA is important in human macrophage metabolic

responses to Mtb and their ability to kill Mtb.

Our findings in chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) also support those of other scientists. While we found that vitamin A
oxidation enzymes have reduced expression in human MDMs and AMs as a result of Mtb
infection or LPS stimulation, others have found reduced expression of ALDH1a2 in
caseous granulomatous tissue from TB patients and in lung homogenates in a rabbit
model of TB infection (350). Our findings pinpoint the defect to the macrophage and
suggest a more general phenomenon that can be caused by other PAMPs. Other
researchers reported that ALDH1a2 expression in murine or human dendritic cells could
be increased by IL-4 or GM-CSF, and we suggest the same occurs in the macrophage

(350,359).

In chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis), none of our results directly contradict those of other researchers. However,
a systematic review of retinol as an adjunct to TB therapy concludes that ‘there is no
evidence that (vitamin A) supplementation in doses up to three times the daily
recommended intake has a beneficial effect on tuberculosis treatment outcomes, or
nutritional recovery’ (157). We found that the production of ATRA from retinol, and the
delivery of ATRA to its nuclear receptors may be significantly impaired in macrophages
infected with Mtb. Our findings therefore suggest that vitamin A should not yet be ruled
out and support the investigation of exogenous ATRA (not retinol), as a HDT in TB

infection.

Our findings in chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium
tuberculosis) could be developed and support future research in several ways. In vitro
studies could attempt to measure the concentration of ATRA being produced by
uninfected and Mtb infected macrophages, although this is technically difficult. Another
approach that would also present challenges would be the measurement of the
activation of ATRA’s receptor. While we did not see a significant change in the RNA
expression of glycolytic enzymes, the protein expression of these enzymes could also be

measured. We found that blocking ATRA’s receptor resulted in diminished macrophage
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glycolytic responses to Mtb and was also associated with decreased killing of Mtb.
Boosting glycolysis might restore Mtb killing and could be explored. In vivo models could
compare the cellular energetic responses of AMs and BMDMs from vitamin A deficient
and sufficient animals during infection with Mtb. The expression of vitamin A oxidation
enzymes and ATRA carrier proteins could also be assessed in AMs in vivo using an animal

infection model of Mtb infection, or potentially even in TB patients.

Chapter 3 (Endogenous Macrophage ATRA Production and Mycobacterium tuberculosis)
has two broad clinical implications. The first concerns vitamin A deficiency. Many
researchers have found epidemiological associations between vitamin A deficiency and
active TB. Here we have identified multiple specific defects at the level of the Mtb
infected macrophage that result from a state of low signalling of endogenously produced
ATRA. Those defects include impaired glycolytic responses and impaired mycobacterial
killing. If present in vivo, these macrophage defects may explain why those with vitamin A
deficiency are at such high risk of active TB, and why even those who are classified as
vitamin A sufficient have a risk of active TB that is inversely proportional to their serum
vitamin A levels (205,206). We believe that clinical trials should be considered, examining
the efficacy of ATRA as a prophylactic agent against active TB in household contacts of TB
cases, and in patients in high prevalence settings starting antiretroviral therapy for HIV
with VAD (especially considering that diagnostics for LTBI are known to be less sensitive
in HIV patients (403,404)). Indeed, given that lower retinol levels are associated with
active TB even in those who are ‘sufficient’, trials should not limit participation based on
standard ‘deficiency’ cut-offs. Outcome measures in such trials could include both the
incidence of active TB as well as the rate of IGRA conversion, as ATRA may increase the
likelihood of early clearance by innate immune cells like macrophages. The second clinical
implication relates to the use of vitamin A as a TB treatment adjunct. Our research
supports the consideration of ATRA, not retinol, as an adjunct to TB therapy. We showed
that in Mtb infected macrophages, at the very site where it is most needed, the activation
and transport of vitamin A to its nuclear receptors is impaired. It is therefore unsurprising
that retinol was ineffective in clinical trials to date — ATRA should not have these
shortcomings. Multiple animal studies of ATRA in TB infection report promising results

(Table 1.1). Initial pilot studies might be conducted in patients with XDR TB in whom
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antimycobacterial options have run out. In addition to assessing sputum clearance,
treatment success and mortality as outcomes, such trials could include radiological or
histological measures of pulmonary inflammation and pathology as these were
ameliorated by ATRA in animal studies. In summary, ATRA is a promising candidate for a

host-directed prophylactic agent in high-risk groups and as a HDT adjunct to TB therapy.

6.2 Relevance of Chapter 4 to the Research and Clinical Domains

In chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) we aimed to investigate ATRA as a potential HDT for NTMs. First, we
aimed to determine if ATRA is an effective HDT against NTMs in vitro. Secondly, we aimed
to determine ATRA’s mechanisms of action as a HDT against NTMs. These topics were
worth researching because ATRA has shown great promise in vitro and in vivo as an
effective HDT for Mtb. If ATRA is also effective in NTM infections, it could represent an
important development in the treatment of NTM infections — perhaps reducing

treatment durations or relapse.

Chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) contributes to the understanding of NTM infections on a few fronts. At the
time of writing (May 2023), our work is the first direct evidence of an effective HDT for an
NTM infection. Other researchers have investigated mesenchymal stromal stem cells as
an innovative therapy for MAC. However, this therapy was directly toxic to MAC and is
therefore a pathogen-directed, host-derived therapy (438). We found that ATRA killed M.
chimaera in a host (macrophage) dependent manner, confirming it is a true HDT. We
measured macrophage metabolism during a real-time infection with live M. chimaera and
M. abscessus and show that both NTMs induce glycolysis in AMs but did not affect
oxidative phosphorylation. There are no published reports to date of real time cellular
metabolic responses during an infection with /ive mycobacteria (including Mtb). Our
results with real-time metabolic analysis using live mycobacteria generally concord with
those of previous researchers using irradiated mycobacteria, and are a useful addition to

our understanding of these early metabolic events in infection (368,369). In addition to
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being the first analysis of these real-time metabolic responses with live mycobacteria,
ours is also the first investigation of metabolic responses to M. chimaera or M. abscessus
at any timepoint. Our laboratory has previously shown that macrophage glycolytic
responses to Mtb were needed for them to kill Mtb and it is plausible that the same could
hold true for NTMs (38). Furthermore, in chapter 3 (Endogenous Macrophage ATRA
Production and Mycobacterium tuberculosis) we observed that the inhibitor Ro 41-5253
reduced glycolytic responses to Mtb and increased CFUs. While this further strengthens
the link between glycolytic responses and bacillary killing, the association we found needs
to be further investigated before conclusions about causality can be drawn. While one
previously published paper reports that ATRA affected the metabolic responses of MDMs
to LPS stimulation, our data is the first to document the metabolic effects of ATRA on
AMs, and the first describing ATRA’s effects on cellular metabolism during an infection
with a live pathogen (144). In finding that ATRA was not an effective HDT for M.
abscessus, our research highlights that not all NTMs are created equal and that newly
discovered HDTs that are effective for one species are likely ineffective for others —

perhaps especially so for rapid growers.

Our chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) results bolster prior findings of other scientists. We saw that human
macrophages rapidly switch to glycolytic metabolism following infection with live
mycobacteria, which validates the findings of those who have used irradiated
mycobacteria. Predecessors who investigated ATRA as a HDT for Mtb found that ATRA
reduced IL-10 in Mtb infected THP-1 macrophages. We found the same result with M.
chimaera. On a broader level, this research adds to the growing body of evidence

supporting the use of ATRA as a HDT for mycobacterial infections.

Our chapter 4 (All trans Retinoic Acid as a Host-Directed Therapy for Nontuberculous
Mycobacteria) results failed to reproduce findings of other researchers in some areas.
Despite observing a HDT effect in M. chimaera infected macrophages, we did not see a
change in total intracellular cholesterol concentration with ATRA treatment. ATRA has
been found by multiple researchers to increase the transcription of multiple cholesterol
transporters and this is thought to be in important mechanism of action for ATRA

(132,138,139). Wheelwright et al. found that ATRA reduces the intracellular cholesterol
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concentration of MDMs at 3 days (132). The timepoint we studied was 24 hours post-
ATRA treatment, so longer timepoints would be worth investigating. Babunovic et al.
found that ATRA reduces the intracellular cholesterol concentration of MDMs at 24
hours, although they used MDMs differentiated from monocytes in the presence of GM-
CSF (138). GM-CSF polarises macrophages to an M1 phenotype, so it is possible that
cholesterol restriction plays a greater role in M1 polarised macrophages and that other
mechanisms of action, like IL-10 reduction, effects on cell energetics or phagolysosome
maturation are more dominant in our model. We could not measure the intracellular
redistribution of cholesterol caused by ATRA, so cholesterol restriction may still be part of
its mechanism of action in our model. Other research led us to expect ATRA to increase
the glycolytic response of macrophages to NTMs (144). However, we instead saw a
blunting of the glycolytic response in AMs. This divergence may be due to the different
stimuli (LPS versus live NTMs), cell types (MDMs versus human AMs), ATRA
concentrations (1 versus 10 uM) or time points used (6 versus 2.4 hours). The same
researchers found that ATRA increased IL-1B and IL-6 secretion in LPS stimulated MDMs,
whereas we did not see a significant increase in the secretion of these cytokines from

THP-1 macrophages infected with NTMs.

Future research could build upon our chapter 4 (All trans Retinoic Acid as a Host-Directed
Therapy for Nontuberculous Mycobacteria) findings in several directions. In vitro
experiments could investigate the intracellular compartmentalisation and redistribution
of cholesterol in NTM infected macrophages treated with ATRA and could examine the
expression of the cholesterol transporters ABCA1, ABCG1 and NPC2. ATRA’s effect on
autophagy and phagolysosome maturation during NTM infections, and on the expression
of glycolytic genes during NTM infection could also be investigated. Various clinical
strains of M. chimaera could be compared. A longer pre-treatment of macrophages with
ATRA prior to infection with M. abscessus, or a longer duration of infection before CFU
measurement, may reveal that ATRA is also effective for rapid growers. In vivo, ATRA
could be examined as a HDT in a murine model of NTM infection, as it was for Mtb (134).
If the same holds true for NTM infections as for Mtb, we should expect ATRA to reduce
NTM burden, reduce pathology, increase CD4 and CD8 T cells, reduce MDSCs and

increase TNFa in these mouse studies (Table 1.1). Short of undertaking clinical trials with
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ATRA in NTM patients, one could get relevant and informative human data using an ex
vivo approach: Isotretinoin is an isomer of ATRA and is, like ATRA, an effective HDT in Mtb
infected macrophages. Isotretinoin is commonly prescribed for acne vulgaris (143).
Profiling the responses of PBMCs and magnetically sorted immune cells to infection with
Mtb and NTMs, from patients prior to and after starting isotretinoin treatment, may
validate the findings from mouse studies of ATRA. The immune responses of IGRA-
negative patients prescribed isotretinoin could be profiled in skin biopsies before and

after a tuberculin skin test (439).

From a clinical perspective, an effective HDT could address multiple challenges at once.
An effective HDT might allow for the reduction in the long durations of treatment, with
relatively toxic antimycobacterials, currently recommended for NTM infections. An
effective HDT might reduce the high rates of relapse if given after antimycobacterial
therapy or prevent the onset of disease if given to culture positive patients without a
diagnosis of NTM disease. An effective HDT like ATRA should be effective regardless of
the pattern of antimycobacterial resistance and should itself have a high genetic barrier
to resistance as ATRA targets the host, and simultaneously affects multiple independent,
fundamental conditions for mycobacterial replication — for example cholesterol fuel

source availability and phagolysosome maturation.

Regarding implementation, both ATRA and 13-cis-RA (isotretinoin) are FDA approved
drugs in common clinical use and are administered orally (ATRA and 13-cis retinoic acid)
or intravenously (ATRA). The feasibility of pulmonary delivery of ATRA has been proven
by our laboratory (1,134). Pulmonary drug delivery directly to the site of infection leads
to higher concentrations and less systematic toxicity than oral or parenteral delivery
(440,441). While no inhaled TB treatment has made it to the market yet, the FDA recently
approved nebulised amikacin liposome inhalation suspension for Mycobacterium avium
complex (MAC) (442). A phase | clinical trial of capreomycin dry powder formulation for
drug resistant TB demonstrated safety in healthy adult volunteers (443). A study
examining the delivery of rifampicin via inhalation in pigs found a 7-9 fold increase in the
concentration of rifampicin in the lungs compared to delivery via other routes (444).
Delivering ATRA by inhalation may increase its potential as a HDT for pulmonary

infections.
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ATRA may also hold promise for infections other than those caused by mycobacteria.
ATRA was investigated as a HDT for the opportunistic fungal pathogen Pneumocystis
jiroveci in immunosuppressed mice and rats. The rodents were commenced on ATRA
orally 3 weeks post-inoculation with Pneumocystis. It was observed that ATRA treatment
could cure pneumocystis pneumonia and it greatly reduced lung inflammation but that a
prolonged course of therapy was required. Combining ATRA with primaquine was as
effective as the more toxic first-line therapy, co-trimoxazole (445). Another animal study
found that intraperitoneal ATRA pre-treatment greatly improved the survival of BALB/c
mice when challenged with an intravenous infection of the intracellular gram-positive
rod, Listeria monocytogenes. By day 5 post-infection, none of the control mice but 66.6%
of the ATRA-treated mice survived. It was found that ATRA-treated mice had decreased
circulating pro-inflammatory cytokines and reduced visceral burdens of bacilli (446).
However, two clinical trials undertaken in the 1990s of oral retinol as an adjunctive
therapy for pneumonia in paediatric patients did not observe a clinical benefit to retinol

treatment (447,448).

In addition to ATRA's established efficacy in the treatment of acute promyelocytic
leukaemia and 13-cis-RA’s established efficacy in the treatment of acne vulgaris, ATRA
has been trialled as a treatment in several non-infectious diseases. These include
emphysema (449,450), solid tumours (451), pancreatic cancer (452), breast cancer (453),
renal cell cancer (454) and prostate cancer (455). These studies have established ATRA’s
pharmacokinetics and pharmacodynamics properties, as well as its toxicities in a range of
patients. While ATRA is generally well tolerated, the adverse effects most frequently
observed are headache, xeroderma, hypertriglyceridemia and cough. RA is also
teratogenic and contraindicated in pregnancy, limiting its potential use as a HDT in this
population (456). Overall, ATRA and 13-cis-RA have been extremely well characterised in
humans through decades of clinical experience and clinical trials — its implementation is
feasible. In vitro and in vivo experiments support their further investigation with human
clinical trials for TB, and for NTM infection if our chapter 4 (All trans Retinoic Acid as a
Host-Directed Therapy for Nontuberculous Mycobacteria) results are supported in murine

models of MAC infection.
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6.3 Relevance of Chapter 5 to the Research and Clinical Domains

In chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) we aimed to assess if and how human AMs respond to SARS-CoV-2
antigens and the SARS-CoV-2 virus itself. First, we aimed to determine if human AMs
produce cytokines in response to SARS-CoV-2 antigens, and by which TLR. Secondly, we
aimed to understand if the clinical risk factors of age and smoking are associated with
different cytokine responses of human AMs to SARS-CoV-2 antigens. We believe this
research was necessary to address several fundamental knowledge gaps about human
AM responses to this pathogen, and to identify AM responses that distinguished older

from younger donors and that might be targetable with future therapies.

Our findings in chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2
Antigens: The Influence of Age) advance the research field in several ways. We provide
the first evidence of human AMs producing cytokines in response to SARS-CoV-2 antigens
and correlate those cytokine responses with clinical risk factors. Ours is the first evidence
of age affecting cytokine responses of human AMs. In fact, while others have reported
age differences with human monocytes, this is the first evidence of age affecting the

cytokine responses of human macrophages of any kind, to any stimulus (322—-325).

Our chapter 5 (Human Alveolar Macrophage Responses to SARS-CoV-2 Antigens: The
Influence of Age) findings also support discoveries by other researchers. We found that
SARS-CoV-2 envelope protein is a TLR4 ligand that provokes an inflammatory response
from macrophages, which aligns well with what Anand et al. observed (305). Smoking
diminished the cytokine responses of human AMs to envelope protein, reconfirming an

effect described by others, including results from our own laboratory (363,421).

There are certain areas where our results do not directly concord with prior research.
Other researchers have found that SARS-CoV-2 spike protein induces a cytokine response
from human macrophages, although many other studies did not (300-302,304). None of
these studies examined alveolar macrophages. Other researchers found that SARS-CoV-2
envelope protein is a ligand for TLR2. Zheng et al. found that murine BMDMs’ cytokine
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response to envelope protein is diminished by knocking out TLR2, but TLR4 was not
tested (302). Planés et al. studied HEK cell lines rather than macrophages and observed a
reduction in cytokine production with TLR4 antibodies and a TLR4 antagonist, although
blocking TLR2 had a stronger effect in these TLR2 over-expressing cells (303). We also saw
a minor reduction in cytokine secretion by blocking TLR2, although this was not
significant. Notably, Juarez et al. found that human AMs have significantly lower TLR2
expression than monocytes, and do not produce a cytokine response following
stimulation with PAM3CSK4 (420). It could be possible that, like BCG lipomannan, SARS-
CoV-2 envelope protein is a ligand for both TLR2 and TLR4, or that the cell type is
determinative of response (457). Labzin et al. found that human AMs do not express
ACE2 and that ACE2 expression was required for THP-1 macrophages to mount a cytokine
response to SARS-CoV-2. They did not examine cytokine secretion by AMs specifically.
(295). Our research fills in this knowledge gap. While we did not observe the secretion of
cytokines following SARS-CoV-2 infection of human AMs, we did observe IL-1f mRNA
upregulation in the two donors tested, and therefore may respond to subsequent

stimulation with higher IL-1pB release.

Future research could build upon our chapter 5 (Human Alveolar Macrophage Responses
to SARS-CoV-2 Antigens: The Influence of Age) findings in several directions. In vitro
research could explore the molecular mechanisms underlying SARS-CoV-2 envelope
protein’s effects on human AMs, in particular regarding inflammasome activation. The
baseline phenotypic differences between AMs from younger and older donors could be
explored, to understand why they respond differently to envelope protein. Other stimuli
or infections (by Mtb or NTMs, for example) could be studied in AMs from older adults to
understand if the effects we observed with envelope protein are generalisable. The effect
of ageing on other cell types could be explored. As a proof of concept for an envelope
protein-containing vaccine or envelope protein-targeting therapeutic antibodies,
antibodies directed at the envelope protein could be administered in vitro to see if its
effects on alveolar macrophages are diminished. /n vivo animal studies could explore
envelope protein-containing vaccines, envelope protein-targeting therapeutic antibodies,
TLR4 pathway antagonists or inhaled therapies targeting the AM inflammasome to

investigate if lung pathology is reduced by these interventions.
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Despite extremely high COVID-19 vaccine coverage in countries such as Ireland,
breakthrough infections causing severe disease and death continue to occur, almost
always in the elderly or immunocompromised (264). In chapter 5 (Human Alveolar
Macrophage Responses to SARS-CoV-2 Antigens: The Influence of Age) we uncovered a
mechanism by which the innate pulmonary response to COVID-19 in the elderly differs
from younger adults, in a manner that could plausibly be pathological. Future clinical
research could examine the effects and clinical efficacy of envelope protein-containing
vaccines, envelope protein-targeting therapeutic antibodies, or inhaled therapies
targeting the AM inflammasome. These novel preventative and therapeutic applications
of our research, used in conjunction with existing vaccines and therapies, might prevent
clinical infections, improve clinical outcomes and reduce the suffering of those with

COVID-19 infections.

6.4 Concluding remarks

This thesis began with a contrast between an ancient, creeping pandemic and a modern
pandemic that moves at breakneck speed. The TB and COVID-19 pandemics may differ in
timescale and pace, but both have claimed millions of human lives since | began this
research three years ago. Mtb, its cousins the NTMs, and SARS-CoV-2 are also linked by
their exploitation of the human lungs as a mode of transmission, as a portal of entry and
as a site of disease. It is not a coincidence that these most prolific killers among the list of
human pathogens take advantage of this common vulnerability. The study of pulmonary
immunology in infection is therefore vital. These diverse invaders confront the same
defenders in the trenches at the alveolar frontline. Employing similar research tools,
studying the same cell types can therefore yield useful insights for mycobacterial,
bacterial and viral infections. In this thesis, these common tools have enabled us to learn
that Mtb infection inhibits macrophage vitamin A activation, that vitamin A is closely
linked with macrophage metabolic responses to Mtb and NTMs, that exogenous ATRA is
an effective host-directed therapy for a species of the M. avium complex, and that
including SARS-CoV-2 envelope protein in COVID-19 vaccines may improve their efficacy

in reducing pathology in older adults. The conclusions of this research have been arrived
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at by investigating hypotheses informed by an understanding of the clinical challenges
posed to patients and clinicians by TB, NTM and COVID-19 infections. It is my hope that
the results of this research may one day, in turn, provide a clinical benefit to such

patients.
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