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SUMMARY

Gene expression studies on whole blood from active tuberculosis (ATB) patients suggest that
alterations in pathways such as interferon signalling, inflammation, apoptosis and pattern
recognition receptor signalling may contribute to TB pathogenesis. Our group performed an
epigenetic (Histone Acetylome-Wide Association Study, HAWAS) and transcriptomic analysis
of blood CD14" monocytes and granulocytes from ATB patients, which demonstrated robust
upregulation of acetylation near the KCNJI5 gene that coincides with increased KCNJI5
expression. KCNJI5 encodes Kir4.2, an inwardly rectifying potassium ion (K") channel. We
investigated the function of KCNJ15 during mycobacterial infection in vitro in the monocyte-
macrophage system, as well as in vivo using a knockout mouse model. /n vitro experiments
revealed that KCNJI5 was indeed upregulated in monocytes and macrophages upon
mycobacterial infection in a TLR2-dependent manner. Using a gain and loss-of-function
approach, we show that KCNJI5 plays a role in promoting inflammasome activation and
apoptosis in human monocytes. Furthermore, its ability to localize to the lysosome may have
implications for pathogen killing and other cellular processes. The in vivo study in mice found
that loss of Kcnjl5 improved restriction of lung BCG burden at 14 days post-infection (d.p.i),
which was associated with reduced Ly6C™ monocytes and increased macrophage and dendritic
cell populations in the lung of infected mice. Moreover, BCG-infected Kcnjl 55° AMs exhibited

an altered gene expression profile which suggested dysregulation of cholesterol metabolism.

Potassium channels are important in regulating K import and homeostasis, which is crucial to
cellular function at steady state and during stress. The movement of K™ ions across cell membrane
can be dictated by high K’ in the extracellular environment ([K']e). We found that the
microenvironment of necrotic mycobacterial granuloma possessed a high K™ milieu. In vitro
examination of the role of high [K']e in monocytes showed that K" influx resulted in
mitochondrial dysfunction and ROS generation, which culminated in mTOR-mediated autophagy
induction which aided in restricting Mycobacterium tuberculosis (Mtb) growth. Increasing
systemic K" in zebrafish and mice models of mycobacterial infection appeared to bolster the acute

inflammatory response, resulting in enhanced mycobacterial control.

In summary, we explored the role of a Kir channel, Kir4.2 (KCN.J15) and high [K"]. on the acute
host immune response against mycobacterial infection. This may provide insight into future
potassium-homeostasis oriented host-directed therapeutics, such as the use of K™ channel blockers

and dietary supplements.
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Chapter 1: Introduction

1.1 Tuberculosis

Tuberculosis (TB) is one of the leading infectious disease killers globally, surpassing HIV/AIDS
in 2017, and only recently usurped by none other than SARS-CoV-2 in 2020. The latest World
Health Organization (WHO) Global Tuberculosis Report estimated that 9.9 million people
developed TB in 2020, while death rates increased to 1.5 million, partly owing to the COVID-19
pandemic and disruption of health services **. Although the number of people who succumb to
TB had been gradually decreasing prior to the COVID-19 pandemic, mathematical modelling
estimated individuals carrying latent TB infection (LTBI) to comprise 23% of the population in
2014 *. The same people harbouring LTBI are at risk of presenting with the disease later in life °,

making TB disease a long-term healthcare problem.

The current standard treatment regimen for active TB entails a 6-month course of 4 first-line
antibiotics (isoniazid, rifampicin, ethambutol and pyrazinamide) '. This imposes a huge burden
on patients in terms of treatment complexity, duration and negative side effects experienced.
While patients closely following the 6-month long regimen are typically effectively cleared of
bacillary load, the long-drawn process invites the risk of toxicity and non-compliance that can
lead to the development of drug-resistant TB. In fact, in 2017, 18% of relapse patients were found

with multidrug-resistant TB (MDR-TB), which is harder to treat °.

TB is perpetrated by Mycobacterium tuberculosis (Mtb), and most often presents as a chronic
pulmonary disease. Infection occurs when Mrb enters the pulmonary system through the airways,
and is often first phagocytosed by alveolar macrophages (AMs). Infected AMs carrying
intracellular Mzb traverse into the lung interstitium initiating an anti-bacterial inflammatory
response and signal for the further recruitment of innate responders °. Typically, the innate
response may fail to establish sterilization, and forms the innate granuloma, consisting a mass of
innate infiltrates harbouring live Mtb in its core. Over the course of the infection, antigen-
presenting cells (APCs) engage the Mtb-specific adaptive response, leading to an influx of
effector T cells and B cells into the lung. Eventually, infiltrating lymphocytes establish a physical
mantle around the innate granuloma, encasing innate cells (primarily macrophages) and Mtb
within it, which is suggested to limit bacterial spread and inflammation to other parts of the lung
parenchyma (Fig 1) ™% '°. Some granulomas continue to harbour live Mtb which establishes
dormancy within infection-permissive macrophages ''. Eventually, various host-related factors
such as immune suppression and deregulated pro-and anti-inflammatory signals can lead to the
breakdown of granuloma structure, allowing re-activated Mrb to exit ruptured lesions and be

transmitted through the airways (Fig 1) *'".
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Chronic Mtb infection thus famously results in lasting lung parenchyma damage, bronchiectasis
and associated health problems such as coughing and breathlessness . Indeed, individuals having
a history of TB were at risk of developing chronic obstructive pulmonary disease (COPD) and
also had a higher long-term mortality than the general population > !4, Hence, it is certainly a
priority for many researchers to seek out TB therapeutics, both for treatment and prevention of

this chronic disease that can have long-lasting health effects.

1.2 Antibiotics and vaccines against TB

As mentioned, the current standard treatment for TB involves a 6-month long antibiotic regimen,
which encompasses 4 months of isoniazid and rifampicin, followed by 2 months continuation
with additional pyrazinamide and ethambutol administration '. This treatment method boasts a
success rate of over 86% (2019 data), but can fall short when dealing with patients with MDR-
TB, extensively drug-resistant TB (XDR-TB) or HIV co-morbidity’. Development of adverse side
effects and the strict daily treatment routine often results in non-compliance, allowing drug-
resistance to develop '. Recommendations from WHO suggest that MDR-TB cases are treated
with a customized cocktail of four to six medicines which include second-line antibiotics like
levofloxacin/moxiflocaxin, bedaquiline and linozelid and additional antibiotics where suitable '°.
Clearly, as drug-resistant TB infections continue to increase %, we are in dire need of novel

antibiotics and combinatorial treatment regimens for more effective treatment of TB.

Emerging from the almost 40-year dearth of new antimicrobials against Mtbh was the now FDA-
approved bedaquiline (2012) for the treatment of MDR-TB '®. Bedaquiline is drug of the first of
its kind, an inhibitor of mycobacterial F-ATP synthase which impairs ATP production that is
necessary for Mtb replication as well as its survival in dormancy, giving it formidable bactericidal
activity ' '8, However, its bactericidal ability is slightly delayed, most likely due to the time
needed to deplete existing ATP stores '°.
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Figure 1. Mtb infection and development of the TB granuloma 3.

The nitromidazole, Delamanid, is another strong newcomer, a potent cell wall synthesis inhibitor
that showed great efficacy in killing replicating, dormant and intracellular Mtb, and reduced

20, 21

sputum conversion time in drug susceptible TB patients . This drug provided favourable

outcomes in drug-resistant patients when included in drug regimens %',

The most recently approved TB drug was Pretomanid, for use in conjunction with bedaquiline
and linezolid (BPaL) to treat XDR-TB as a shorter and more effective treatment regimen (2019)
22, Pretomanid is also a nitromidazole prodrug, acting as a mycolic acid cell wall synthesis
inhibitor, similar to delamanid and isoniazid. In fact, a 2022 advisory from WHO suggested that
the BPaLM regimen— comprising bedaquiline, pretomanid, linezolid and moxifloxacin, when

employed against drug resistant infections, showed improved efficacy and safety *.

While new developments in the antibiotic discovery arena are exciting, the prospect of
antimicrobial resistance eventually rearing its head is still troubling. Furthermore, TB remains the
top bacterial infectious disease, and the sheer number of TB patients implies that antibiotic usage

is extremely high. In fact, resistance to bedaquiline in the clinical setting emerged quickly since
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its approval and wide-spread use, with cases demonstrating cross-resistance to clofazimine ** >

%6 We thus need to consider other tenable strategies to combat TB disease, such as its prevention

via vaccination strategies.

The live-attenuated Bacille Calmette—Guérin (BCG) vaccine has been employed for just over a
century %’. The standard BCG vaccine administered intra-dermally to neonates is excellent at
preventing infant mortality from extra-pulmonary TB. However, it is clear that the same provides
poorer protection from pulmonary Mtb infection, the more prevalent disease form, which becomes
even less efficient with age **. Numerous reasons explain the poor efficacy of intra-dermal BCG
vaccination, including the limited delivery of antigen to draining lymph nodes for T cell activation
and the poor induction of airway luminal T cells ***. Indeed, intra-dermal vaccination provided

a decent systemic response but poor mucosal protection *'.

Numerous groups have taken to studying the BCG vaccine response using varying routes of
administration. A recent study demonstrated that intra-venous BCG vaccination of macaques
conferred profound protection against Mtb growth and lung pathology compared to intra-dermal
and aerosol vaccination, and was associated with enhanced CD4" and CD8" T cell responses **.
Many are also interested in studying the effects of mucosal BCG delivery. BCG administration
through the intra-nasal route in mice showed effective pre-activation of alveolar macrophages,
and was able to reduce lung burden of Mtbh and S. aureus upon challenge **. The non-specific
effect against S. aureus could be due to the known effect of BCG on trained immunity **. Another
study also indicated that intra-nasal BCG induced a population of lung-resident mycobacteria-

specific CD4" T cells and was associated with better protection against Mth *°.

Novel mycobacterial vaccine candidates are also being explored. These include the use of novel
mycobacterial antigens, killed whole-cell mycobacteria, and attenuated viable mycobacteria *°.
For example, aerosol immunization with an attenuated Mtb strain, MtbAsigH, (comprising a
regulon that promotes Mtb survival when exposed to host oxidative killing), induced the robust
formation of inducible bronchus-associated lymphoid tissue (iBALT) structures, accumulation of
memory CD4" and CD8" T cells in the airways, and enhanced control of M¢b burden, when
compared to BCG vaccination *’. Notably, MVASS5A has already been tested in clinical trials, and
was able to elicit robust Ag85A-specific Thl responses in both HIV uninfected and infected
patients that lasted up to six years **. Another promising candidate having underwent phase I/Il

clinical trials is M72/AS01 which also induces strong and long-lasting CD4" T cell responses *°.

Despite the need for improved and optimized TB vaccines, vaccine development and testing are
invariably extremely long-term and expensive processes. With the high global incidence rate of

TB, we still require flexibility in our treatment options. Since antibiotic development is a likewise
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high-risk and complex process, it is in this light that we turn to consider alternative treatment

options, such as host-directed therapeutics (HDTs) ***!.

1.3 Mtb-host interaction — Opportunities for host-directed therapeutics

Mtb interacts extensively with the host once it enters the airways. The fact that Mtb is often able
to prevent phagolysosomal destruction and even escape from the phagolysosome, successfully
surviving as an intracellular pathogen, indicates that there are many layers of the host cell anti-
bacterial response that are hijacked by Mtb ****. A number of host-directed strategies have been
tested with the purpose of enhancing killing of intracellular Mtb. HDTs that have demonstrated
improved Mtb killing through means such as increased phagolysosome maturation, reactive
oxygen species (ROS) production and autophagy induction include Sirtuinl activators, baicalin,

Metformin, Vitamin D, statins, Gefitinib and Imatinib (a tyrosine kinase inhibitor) (Fig 2) ****- 46

47,48, 49, 50 51

Aside from Mtb restriction at the cellular level, we know that Mtb infection elicits inflammation
in the lung, which exacerbates lung pathology especially in chronic disease, where for example,
a hyperactive Th17 response that leads to deregulated neutrophil infiltration and tissue destruction
is considered unproductive inflammation ** >, Indeed, production of matrix metalloproteinases
during infection also causes matrix destruction and cavity formation >**°. Furthermore, lung tissue
injury is directly correlated with TB mortality *°. Thus, dampening chronic inflammation and
tissue damage during TB is a central focus of HDT development. Anti-inflammatory HDTs are
typically intended for use alongside conventional antibiotic treatment, and thus aim to reduce
treatment duration and ameliorate long-lasting effects of lung damage. Of course, boosting
bactericidal function is likely also correlated with earlier resolution of infection, which will
naturally minimize damage caused by inflammation. Additionally, HDT candidates like
Bevacizumab, an igG anti-VEGFA antibody, target Mtb-induced abnormal angiogenesis around
granulomas, which can lead to reduced drug delivery, tissue hypoxia and stunted recruitment of

immune cells *’.

To this end, numerous HDT candidates targeting inflammation and lung injury are published in
the literature, some of which are being evaluated in clinical trials. These include, but are not
limited to, matrix metalloproteinase (MMP) inhibitors, non-steroidal anti-inflammatory drugs
(NSAID), corticosteroids, phosphodiesterase inhibitors, statins and Metformin and are detailed in

Figure 2 44,46, 51, 58, 59, 60, 61, 62

HDTs presents a practical and convenient way to design combinatorial therapy for the best

outcome in TB disease treatment as many of the investigated drugs are already FDA-approved
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for treatment of other clinical conditions. Furthering the development of therapeutics that
modulate the host requires a comprehensive understanding of the host response during Mtb
infection, which is no small feat considering the myriad of immune and non-immune cell types
that come into contact with Mtb and also engage in a coordinated response to the infection. In the
next chapter, we highlight some of the key players in the response to Mtb infection, and their

unique roles in Mrb restriction and pathology.
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Figure 2. Illustration of host-directed therapeutics under study and their mechanisms-of-action in
countering Mtb infection and pathology, by Guler et al. (2021) ¥'.
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1.4 Immune cells and host response to Mtb

1.4.1 Neutrophils

Neutrophils are one of the first responders to pulmonary insult, efficiently migrating to the lungs
during mycobacterial infection and playing a crucial role in the early response to Mtb infection.
In fact, early depletion of neutrophils led to higher CFU burden in lungs, whereas late depletion
after 2 weeks did not have a similar effect ®. Conversely, another study showed that depletion of
neutrophils a day prior to Mzb infection resulted in no change in CFU or survival of mice but
inhibited granuloma formation ®. In a zebrafish model of M. marinum infection, neutrophils are
recruited to the early granuloma in response to dying macrophages and carry out bacterial killing
via oxidative mechanisms ®. Importantly, neutrophil count or neutrophilia in human patients was

positively associated with severity of TB and mortality ¢,
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Neutrophils were shown to actively carry Mtb in the airways of active TB patients . At a cellular
level, neutrophils are armed with an arsenal of antimicrobial functions. Neutrophils produce
neutrophil extracellular traps (NETs), which are able to trap and immobilize M¢b, preventing its
dissemination and is suggested to promote the effective concentration of delivered antimicrobial
agents ®7°, NETs are also phagocytosed by macrophages which induces their activation and
inflammatory cytokine production . Neutrophils also commonly utilize oxidative burst to
neutralize bacterial pathogens "*. Additionally, neutrophil-produced enzymes Cathepsin G and
elastase are vital for controlling lung mycobacterial load, exerting potent antimicrobial functions
3. Mtb-infected neutrophils also release extracellular vesicles (EVs) containing TLR2/6 agonists,
that can trigger macrophage activation and release of pro-inflammatory cytokines such as TNFa

and IL-6, as well as induce autophagy which contributes to bacterial killing ™.

Interestingly, patients with active TB were found to harbour an increased proportion of low-
density neutrophils (LDNs) which correlated with disease severity. These low-density neutrophils
were less able to carry out expected antimicrobial functions such as phagocytosis and NETosis
and furthermore inhibited mycobacteria-specific T cell expansion " 7. Importantly, LDNs have
now been reported in various inflammatory conditions where they are associated with
immunopathology "%, In this light, many have suggested that LDNs are immature neutrophils

released during emergency hematopoiesis in response to infection and inflammation ™.

Besides executing direct bacterial killing, neutrophils also dabble in regulation of the innate-
adaptive immune interface. Neutrophils, through TNFa production and direct binding with DC-
SIGN receptors on immature dendritic cells (DCs), induce their maturation and boost activation
of the Th1 response *. Similarly, neutrophil depletion delayed DC trafficking to lymph nodes and
activation of CD4 response in a separate study ®'. This role of neutrophils in DC activation was

suggested to be dependent on Mth-induced apoptosis ¥ 3.

Certainly, neutrophils are vital in the early response to mycobacterial infection, and can exert
bactericidal activities and boost the activation of the adaptive arm. However, it is widely
understood that neutrophilic inflammation is highly associated with pathologic lung injury during
chronic TB disease * *. Comparisons between genetically resistant and susceptible mice strains
to Mtb infection showed that neutrophil recruitment was enhanced in susceptible mice *. Indeed,
the cross-talk between immune players significantly influence neutrophil activity and its
contribution to bacterial control or hyper-inflammation. For example, loss of nitric oxide (NO)
production by macrophages in Nos2” mice led to increased neutrophil influx, providing a
metabolically growth permissive niche for Mth growth *’. Because of this, targeting neutrophil

accumulation in TB disease in the hopes to ameliorate lung damage is a glowing area of HDT
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research ** %, The antibiotic doxycycline is one such candidate which was demonstrated to reduce
inflammatory gene expression in blood cells and ameliorate tissue-destructive MMP expression

in sputum of TB patients, including MMP-8 and MMP-9 which can be secreted by neutrophils **
91

However, it is important to consider at which stage of the disease course neutrophil recruitment

should be restrained, considering its early contribution to Mtb killing and containment.

1.4.2  Alveolar Macrophages

Alveolar macrophages (AMs) reside within the airways and behave as sentinel cells which
maintain airway homeostasis. Under steady-state conditions, they are largely responsible for the
maintenance of the surfactant layer lining the airways *2. Naturally, AMs are some of the initial
immune cells to encounter any airborne pathogen that reaches the pulmonary system. With its
phagocytic capabilities, AMs are able to uptake bacterial pathogens easily and can employ
bactericidal mechanisms, such as the production and delivery of ROS and RNI and utilizing
phagolysosomal destruction > **. Mtb-infected AMs are also fully able to respond with the

production of pro-inflammatory cytokines ***°.

While they have the potential to control infection, it is recognized that AMs play a crucial role in
permitting the establishment of Mtb infection and growth. Huang et al. showed that resident AMs,
which are largely derived from fetal liver monocytes, are less able to control infection than
monocyte-derived interstitial macrophages (IMs) *°. Indeed, AMs, which preferentially engage
fatty acid oxidation (FAO), were shown to be permissive to Mtb growth °°. While airway infection
with non-virulent BCG is largely contained in the airway AM locale, Mtb-infected AMs do not
eliminate the pathogen but instead translocate into the lung interstitium, allowing the pathogen to
be uptaken by other immune cells such as IMs, monocytes and neutrophils, and these translocated
AMs exhibited a distinct transcriptomic profile from airway AMs ®°. This phenomenon was

dependent on both Mth ESX-1 and host IL-1B production °.

It may not be surprising that AMs may be less able to control Mtb infection since their normal
function in the airway at steady state is more homeostasis focused. Even so, AMs could be primed
or “trained” to enhance their ability to control M¢b infection. In an intra-nasal BCG vaccine model,
BCG infection in the airways boosted AM expression of activation markers such as CD68 and
iNOS, while transcriptomic analysis revealed enrichment of glycolytic genes in primed AMs.
Consequently, vaccinated mice were better able to control a secondary challenge with Mrb at 7
months post-vaccination **. One study suggested that AMs patrol the airways and migrate toward

bacterial pathogens in order to ingest them, concealing them from neutrophil detection and in
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doing so, limit unnecessary inflammation °*. Certainly, AMs may orchestrate a balance between
g ry y y

Mtb killing and inflammation onset.

Additionally, AMs do not exist as a homogenous population *>* ', which can contribute to

heterogeneity in their response to intracellular mycobacterial infection. AMs are largely
comprised of resident macrophages seeded during development, which are invariably exposed to
airway pathogens and particulates and may die over the lifespan of the organism. While resident
AMs populations are known to be self-renewing '°', it was also demonstrated that the AMs can
be replenished by the mobilized bone-marrow monocyte pool, which is often the case during
pulmonary infection, where monocytes are swiftly recruited to the lung in a CCR2-dependent

manner and can differentiate into SiglecF'® mo-AMs ' '%,

All in all, AMs represent a population of immune cells that cannot be excluded from any analysis

of in vivo Mtb infection, owing to their unique function, proximity to infection and heterogeneity.

1.4.3  Monocytes and monocyte-derived macrophages

Monocytes are innate cells which originate from bone marrow development, patrol in the
periphery and are rapidly recruited to sites of infection through chemokine gradients, most notably
through CCL2 stimulation '®* ', Based on phenotype and function, monocytes in mice are
categorized into three subsets: Ly6CMCD43" (classical), Ly6C'CD43" (intermediate), and
Ly6C°CD43" (non-classical) '®. The corresponding monocyte subsets in human are:
CD14'CD16™ (classical), CD14'CD16" (intermediate) and CD14%™CD16" (non-classical)

monocytes '’

. Monocytes are capable phagocytes, and are armed with the typical anti-bacterial
arsenal, being able to eliminate intracellular bacteria through means such as phagolysosomal
digestion, production of ROS and autophagy *'°*'% Many early studies on monocytes involved
the induction of apoptosis by Mrb infection, which was found to be caspase-1-dependent and
mediated by a 19kDa Mtb lipoprotein ''°, a process that was suggested to be host-protective '''.
Many studies on monocytes in Mtb infection, however, are limited to in vitro infections of

monocytic cell lines or primary cultures.

Monocytes have also been implicated in the concept of “trained immunity”, a phenomenon where
first exposure to stimulation or infection epigenetically and metabolically imprints the cell,
allowing heightened protection against secondary infection''?. This was famously demonstrated
through monocyte stimulation with C. a/bicans-derived B-glucan, which resulted in a metabolic
shift to glycolysis that was dependent on the dectin-1-Akt-mTOR-HIF1a axis, and provided

112

protection against C. albicans and S. aureus infection *'~. B-glucan was then subsequently shown
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to also elicit trained immunity in monocytes against Mtb infection in an IL-1-dependent manner
113

While monocytes can certainly kill bacteria, it is unclear how much of its role in protection against
in vivo Mtb infection is through direct killing, versus its capacity to differentiate into macrophages
and DCs. Importantly, ablating inflammatory monocytes using CCR2-DTR mice during Mtb
infection prevented trafficking of live bacteria to the mediastinal lymph node, limited CD4" T cell
expansion and worsened lung Mth burden, but was not directly responsible for CD4 priming '**.
Indeed, monocytes may have a pivotal function in M¢b dissemination to draining lymph nodes
and peripheral organs, and T cell activation. Notably, in M. marinum-infected zebrafish, CCR2"

monocytes have also been shown to partake in bacterial dissemination '

CCR2" monocytes migrate into the lungs and are also continuously recruited to replenish and
maintain the immune granuloma ''® ' Indeed, adoptively transferred monocytes actively
differentiated into iNOS-producing pulmonary macrophages and DCs in the M¢b-infected mice
8 Monocyte-derived macrophages (MDMs) and other monocyte-derived cells (referred to as
MCs) may play a significant role in resolving infections. Conventionally, monocytes contribute
heavily to the interstitial macrophage population, but as mentioned, have also been found
constitute mo-AMs during influenza infection ', Nonetheless, resident and monocyte-derived
macrophage populations, hailing from separate ontologies, are well understood to deviate in their

response to infection.

Dual-RNA sequencing of both AMs and IMs and M¢b-contained within each cell type revealed
that IMs relied heavily on glycolytic metabolism, NO production and iron sequestration to control
Mtb growth. Concurrently, Mtb which resided in IMs responded by upregulating iron acquisition-
related genes, stress response and dormancy genes ''’. This suggests that IMs were indeed
programmed to better hold Mtb infection at bay. Moreover, the divergent responses between Mtb-
infected AMs and IMs were further found to be epigenetically regulated (differential chromatin

openness compared to uninfected counterpart) *°.

Single-cell sequencing of Mtb-infected macrophages provided additional resolution to the rather
heterogeneous pulmonary IM populations, distinguishing them into three sub-populations. The
first (IM1) represented a tissue-resident population already present in uninfected mice that
expressed Zeb?2 as a tissue residency marker, //1f, Nlrp3 and IL-17A4-related gene signatures.
IM2s leaned toward expression of complement factors and harbored an anti-inflammatory M2-
like profile. IM3, conversely, inclined toward an M1 phenotype, up-regulating glycolysis,
oxidative response and inflammatory genes, possessing a transcriptional profile intermediate to
monocyte and macrophages *°. This suggests that the role of each IM subset in controlling Mth

infection might be distinct.

30



Mitb infection is known to drive differentiation of monocytes into “foamy” macrophages, which
are lipid-laden macrophages with heightened fatty acid uptake and utilization of FAO '2* '2!,
Foamy macrophages are typically found surrounding necrotic regions in Mtb granulomas '*2. AMs
typically already rely on FAO and are less able to control infection, thus being closer to an M2
macrophage phenotype ** ', Thus, as primary targets of infection, they easily accumulate lipid
inclusions, which is suggested to provide a metabolically beneficial niche for Mtb survival and

dormancy '%°

. Monocyte-derived IMs are initially differentiated into M 1-like macrophages, which
rely on glycolysis, NF-kB pathway activation and chemotaxis '*°. Studies have, however, shown
that while M¢b virulence factor ESAT-6 drives initial M1 polarization, it later reprograms M1
macrophages into M2 phenotype '*. Indeed, M2-like macrophages appeared to predominate in
granulomatous tissue of Mtb patients '*°. Therefore, it is likely that both AMs and IMs, as well as
recruited monocyte-derived macrophages can develop into mycobacterial-permissive foamy
macrophages. Mtb, thus, first drives the inflammatory response to initiate granuloma formation,
and then dampens macrophage bactericidal capabilities and creates for itself a niche for growth

and survival. Hence, limiting foamy macrophage development is also a keen area for HDT

research '%°,

1.4.4 Myeloid-derived suppressor cells (MDSCs)

Myeloid-derived suppressor cells (MDSCs) typically represent two populations of
immunosuppressive cells. Polymorphonuclear (PMN)-MDSCs are neutrophilic/granulocytic
while M-MDSCs are monocytic and both develop in response to chronic inflammatory cytokine
signalling '*. In mice, both populations are currently difficult to distinguish from classical
neutrophil and inflammatory monocyte populations, although new markers to distinguish MDSCs
in humans are being discovered '?. Indeed, MDSCs seem to play a role in numerous other
pathologies but have been quite extensively studied in the context of cancer. MDSCs play an
immunosuppressive role through various means such as (i) secretion of anti-inflammatory
cytokines IL-10 and TGF-B, (ii) production of ROS and NO which signals anti-inflammatory M2
differentiation, (iii) reduction of available cardinal amino acids required for T-cell activation

through Argl and iNOS expression and others %,

The role of MDSCs in Mtb infection has come to the fore quite recently. Much of this was due to

the technical limitations of isolating each MDSC population using specific markers, especially in

1

mice '”’. We know that acute inflammation is beneficial for Mrb clearance but chronic

inflammation worsens pathology. Therefore, the role of MDSCs in both acute and chronic stages

of Mtb infection may be significant, but is still controversial '*.
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A number of studies have examined MDSC populations in TB patients. Work on blood PMN-
MDSCs from ATB patients and healthy controls determined that ATB patients had a higher
frequency of PMN-MDSC, whereas M-MDSCs were not detected '*°. Furthermore, PMN-MDSC
percentages were correlated with lower radiological disease severity in patients *°. Indeed,
another study found ATB patients harboured more CD15" MDSCs and these purified MDSCs
effectively suppressed T cell proliferation '*'. Further, it was shown that increased blood MDSCs
in ATB patients were effectively reduced after completion of TB antibiotic treatment '*2,

Additionally, MDSCs were increased in non-necrotic granulomas from ATB patients and

expressed higher Nos2, Argl and HIF 10, associating with a immunosuppressive phenotype '*°.

In mice, PMN-MDSCs (designated by Ly6G'Gr1“™CD11b") accumulated in lungs, spleen and
bone marrow 24 days post Mtb infection, prior to fatal disease. Adoptive transfer of these isolated
induced-MDSCs from bone marrow into recipient mice followed by Mzb infection resulted in
lower lung IFNy levels, slightly increased wasting but no significant difference in bacterial burden
13 MDSCs themselves do phagocytose Mth and release both pro and anti-inflammatory cytokines
(IL-6, IL1a, IL-10) '°. At the metabolic level, tumour-associated MDSCs upregulate genes
related to fatty acid accumulation and FAO, which was necessary for their immunosuppressive
function '*°. As such, there may be implications of such metabolic reprogramming of MDSCs in
the context of Mtb infection as increased lipid stores may provide a nutrient-rich intracellular

environment for Mtb growth ',

IL-4R is also seen to be expressed on MDSCs in tumours and blockade of this receptor by
aptamers induced apoptosis of MDSCs "*’. Accordingly, a study utilizing DABIL-4, a diphtheria
toxin-based fusion protein, to deplete IL4R™ MDSCs in Mtb-infected mice resulted in increased
proliferation of CD4" and CD8" T cells and reduced lung CFU "**. Hence, although MDSCs and
their specific function in either acute or chronic TB infection are not yet extensively delineated,

they present a promising potential target for TB HDT development.

1.4.5 Dendritic cells (DCs) and the T cell response

While the present study focus primarily on the acute innate response to Mtb infection, the role
that the adaptive arm plays in reigning in infection and inflammation is paramount. In primary
infection, DCs play a key role in bridging the gap between the early response and initiating the
adaptive response. As APCs, DCs recognize and uptake M¢b through various pathogen-associated
molecular pattern (PAMP) interactions with pathogen-recognition receptors (PRRs). For
example, Mtb lipoproteins such as LprA, LpqH and LprG, can engage TLR2 receptors '*. DC-

SIGN is also a pivotal receptor in DC-mycobacterial interaction, as it binds mycobacterial
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ManLAM (a cell wall glycolipid) and allows for bacterial internalization and DC migration '**
141

With Mtb infection, the trafficking of migratory DCs to the draining lymph nodes and subsequent
initiation of T cell expansion is delayed, taking up to 9-11 days post-infection, resulting in the
arrival of activated T cells at the site of infection only after 14-21 days '**'*. The reason behind
this delay is not fully understood, but it is suggested that antigen presentation by DCs deriving
from the infected lung is impaired, and that live bacterial dissemination to the draining lymph
nodes and in situ antigen production was necessary for CD4" T cell activation '**. Furthermore,
most of the bacilli are harboured by AMs during early infection, which are generally non-
migratory, further delaying transport of Mtb to the draining lymph nodes '**. To this end, another
group showed that Mtb infection enhanced antigen export in a Kinesin2-dependent manner,
reducing the efficiency of MHC class II antigen-presentation on infected DCs which limits CD4"
T cell activation '*. It is thus thought that neutrophils act as an antigen-shuttling middleman

between AMs and DCs, being vital for DC antigen presentation **'%°,

Even after the formation of the granuloma, DCs were shown to carry M¢b and emigrate away from
the lesion, likely towards the lymph nodes. During this migration process, some DCs get arrested
by mycobacteria-specific T cells and can eventually seed new granulomas, contributing to
dissemination of lung pathology '*’. Mtb-infected DCs produce IFNaf, which leads to CXCL10
production that potently recruits NK and T cells to the site of infection '**. Loss of IL-12p40 was
also demonstrated to inhibit DC migration and activation of naive CD4" T cells '*. Besides
activation of CD4" T cells, DCs are also able to conduct Annexin-1-dependent efferocytosis and
cross-present Mth antigens to CD8" T cells. Animals deficient in Annexin-1 thus have impaired

CDS8" responses and poorer survival rates '*°.

The CD4" T cell response is critical for host control of Mtb infection. Its primary contribution lies
in the early production of IFNy, which enhances CD8" T cell response, cytotoxicity and
production of both IFNy and TNFa '*"*2. Mice that lack IFNy indeed show uncontrolled Mth
growth and rapidly succumb to the disease '**. IFNy is crucial for macrophage activation during
Mtb-infection, enhancing ROS production, inflammatory cytokine production and promoting
metabolic shift towards glycolysis, which is known to be Mtb-restrictive, through the activation

of the HIF 1o master regulator >* !>, CD4" T cells are also capable of cytolytic activity '3,

The exact roles of CD8" T cells during Mib infection are less clear. Activated CD8" T cells also
produce inflammatory IFNy and TNFa, which contribute to enhanced innate control of Mth .
However, CD8" T cells are known to execute cytotoxic functions. Both CD4" and CD8" T cells,
when stimulated with Mtb in vivo, could lyse Mtb-infected monocytes, however inhibition of

perforin or CD95-CD95L interactions did not limit Mtb growth '’. In vivo studies by adoptive
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transfer of CD8" T cells however, demonstrated that they mediated significant protection against
y g p g

Mtb that was perforin-dependent '*°.

Antigen presentation and activation of the T cell responses are thus important for Mzb-restriction,
although immune evasion strategies by Mtb delay and impair the speed of the adaptive response,

perpetuating the infection which contributes to the chronic nature of TB disease.

1.4.6  Alveolar epithelial type I cells

The pulmonary airway comprises three main cell types of interest: AMs, alveolar type I (AEC-I)
and alveolar epithelial type II cells (AEC-II). AEC-I are the primary mediators of gas exchange
in the alveolus, whereas AEC-II cells produce and secrete surfactant, regulating alveolus surface
tension and demonstrate immune-modulatory capabilities '**. As such, AEC-II cells are also

regarded as the protectors of the airway.

Many in vitro studies utilize the human AEC-II cancer cell line, A549 to model AEC-II behaviour
during infection. While AEC-II are not phagocytic cells by nature, they uptake Mrb during
infection and allow intracellular replication '*. Transcriptomic analysis of Mth growing within
A549 cells compared to in 7H9 media showed upregulation of various mycobacterial virulence
factors as well as metabolic genes, indicating a suitable intracellular niche for Mtb replication '*°.
Although AEC-II are non-immune cells, they still harbour mechanisms to limit infection. For
example, AEC-II cells can actively secrete antimicrobial peptides in response to Mtb infection,

such as B-defensins, hepicidin and cathelicidins ' 1% 19,

During infection, AEC-II play a significant immune-modulatory function. These cells express
Toll-like receptor 2 and 4 (TLR2, TLR4) as well as Nod-like receptors (NLRs) and are thus
responsive to incoming airway pathogens ' !> 1 Importantly, AEC-II are active producers of
pro-inflammatory cytokines and chemokines in response to bacterial infections. To this end, it
has been demonstrated that Mtb-infected A549 cells secrete IFNy 7, and additionally, BCG
infection also induces CXCL8, CXCL10 and IL-8 secretion, which are potent chemoattractants
for neutrophils, monocytes and macrophages % %% 17° Furthermore, lung sections of active TB
patients showed that AEC-II cells expressed IL-18 "', Clearly, AEC-II cells, which reside at the
very site of initial infection, plays a considerable role in recruiting immune cells into the airways

during early infection.

AEC-II can be also differentiated from AEC-I by their expression of MHC-II. While this
invariably allows them to present antigen to CD4" T cells, whether or not they express the

necessary co-stimulatory factors to successfully activate T cells remains controversial '™ ',

34



However, it was demonstrated that T7 mouse AEC-II cell line pulsed with Mtb antigens was able

to activate CD4" T cells from Mtb-infected mice but not from uninfected mice '7%.

As cells which reside in the airway and come into direct contact with Mtb infection, AEC-II are

not to be overlooked in their potential to modulate the immune response during infection.

1.4.7  Summary of Mtb-host interaction

The origins of TB disease is thought to date back thousands of years. Certainly, the Mtb bacilli
has plagued and indeed co-evolved with humans '™ '”*_ This is evident in its ability to subvert the
host response, adapt to intracellular survival, impair efficient adaptive immune activation and
incite granuloma formation to provide itself a nutrient-rich niche for dormancy and long-term
survival. These strategies allowed TB to persist in the population and become a top infectious
disease killer. Our understanding of the elaborate host response to Mtb infection thus provides the
groundwork for the development of protective vaccines, antimicrobials and host-directed

therapies, and are briefly summarized in Fig 3.

However, as much of the research into Mtb infection biology and pathogenesis is carried out using
mouse models, there may be numerous inconsistencies when compared to Mtb infection in
humans. For example, Mtb infection in humans are thought to be seeded by only a few bacilli,
whereas most mouse models of infection have administered M¢b of CFUs in the range of 50-200
176177 "which can lead to confounding results. Similarly, only specific strains of mice are able to
recapitulate caseous, necrotic granuloma pathology '7*, demonstrating that genetic variations
complicate our understanding of the host response to Mtb infection as modelled in mice. Hence,

it is greatly valuable to conduct TB research in the human context, to attain a more accurate

understanding of M¢b infection.
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Figure 3. Summary of the key immune-related responses to pulmonary Mzb infection

1.5 Intracellular Mtb immune evasive mechanisms

Mtb is taken up by various phagocytic cells such as neutrophils, monocytes, macrophages and
DCs. Within the host intracellular environment, Mrb engage numerous strategies to evade
intracellular killing and subvert the host response. Ordinarily, phagosomes carrying bacteria
mature and eventually fuse with lysosomes for pathogen eradication by hydrolytic enzymes. Mtb,
however, is notorious for its ability to subvert killing by the phagolysosomal maturation process,
being able to escape the phagosome, prevent phagolysosomal fusion and inhibit or resist killing

by acidification (Fig 4).

Mitb is able to damage the phagolysosomal membrane and escape into the cytosol, a process that
is dependent on ESAT-6 and the ESX-1 secretion system '”°. Concurrently, live Mtb also prevents
phagolysosomal fusion by the retention of coronin-1, which typically coats phagosomes and are
released prior to fusion, mediated by binding of mycobacterial protein CIP50 ' '*! Additionally,
Mtb can also apparently de-regulate actin polymerization by the interaction of its surface protein
heparin-binding hemagglutinin (HBHA) with G-actin, impairing phago-lysosomal fusion '*% ',
The modulation of host Rab (Ras superfamily of GTPases) proteins, which decorate and regulate

phagosome-endolysosomal maturation, by Mtb, has also been observed. Rab7-RILP interaction
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is important for phagolyosomal fusion, however live BCG-containing Rab7-phagosomes fail to
achieve RILP recruitment, suggesting that BCG may secrete factors that perpetuate Rab7
inactivity and prevent fusion '* '8 Additionally, Rab14 is recruited only to Mth-containing

phagosomes, and silencing of Rab14 released the block on phagolysosomal fusion '*¢.
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Figure 4. Illustration of host-evasive and host-modulating processes employed by Mtb during
infection

Acidification of the phagolysosome is likely crucial for the optimal function of proteolytic
enzymes, but this process is undermined by Mtb from many angles. Mtb was discovered to
produce 1-TbAd, a lipid which accumulates in acidic organelles and acts as a strong conjugate
base, neutralizing pH and causing lysosomal swelling '*’. The expression of Mtb potassium/proton
antiporter KefB was also found to antagonize phagosomal acidification '**. In a more roundabout
way, a study also found that M¢b induced GM-CSF production in macrophages that resulted in
STAT-signalling mediated CISH expression, which targeted the V-ATPase for degradation via
ubiquitination, leading to impaired acidification '*°. Importantly, it is also thought that the
phagosomal acidification step is in fact, a pre-requisite for phago-lysosomal fusion "**'*!, In any
case, it is abundantly clear that Mtb infection effectively disrupts phagosome maturation and
lysosome-mediated killing. Furthermore, defects in phago-lysosomal fusion decreases the
effectiveness of antigen processing and presentation, which can diminish the induction of

protective immunity '*2,
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When Mtb escapes from the phagosome, bacterial nucleic acids are released into the cytosol where
they can be detected by intracellular PRRs. Mtb genomic DNA activates AIM2 inflammasome,
however it was shown that while non-virulent mycobacteria stimulated AIM2 inflammasome,
virulent mycobacteria caused a significantly dampened AIM?2 response by deregulating IFNf

193

signallin . Mtb protein pknF was also found to inhibit NLRP3 inflammasome activation and
g g p p

IL-1B secretion in macrophages '**.

Another more recently explored strategy of Mth immune subversion is its deregulating and
hijacking of the host ubiquitin system. Rv3354 was demonstrated to inhibit Cullin-based E3
ubiquitin ligase activity by binding to host metalloproteinase JAMM '*°. Further, Mtb-secreted
effector PtPA was found to bind E3 ubiquitin ligase, TRIM27, and subsequently inhibit JNK/p38
MAPK signalling and apoptosis induction '*°. Another Mtb effector, Rv0222, was found to inhibit
TRAF6 signalling-mediated NF-kB and AP-1 activation and thus inflammatory cytokine gene
expression, through its ubiquitination by ANAP3 E3 ubiquitin ligase '’ Indeed, Mtb-secreted
factors actively co-opt the host ubiquitin ligases to promote its survival and diminish the

inflammatory response.

Mitb intracellular infection and its secretion of potent effectors evidently precipitates extensive
modulation of host proteins and cell-regulation processes. While the host senses Mtb infection
and responds accordingly, Mtb is simultaneously adapted to overcome host restriction. It is
difficult to delineate whether certain host responses are attributed to active manipulation by Mtb,

or are host-evolved responses.

We next describe studies which interestingly examine how Mtb infection changes the host

epigenetic landscape that in turn regulates transcriptomic gene expression.

1.6 Mtb and the host epigenome

Mtb is capable of altering the host epigenome to benefit its survival. One of the key ways it
executes epigenetic changes is via the expression of various bacterial DNA methyltransferases

that directly interact with the host genome.

Rv1988 is a Mtb-encoded histone methyltransferase that is secreted and localized to the host DNA
where it can regulate gene expression. Rv/988-mediated H3R42me2, a histone mark at the DNA
entry/exit region of the nucleosome, results in the dampening of immune activation and host
inflammatory gene signatures, which include ROS and NO-production genes, NOS2, NOXI, and
TRAF3 "%, In fact, XDR-TB strains express higher amounts of RvI988 '*°. Mtb also expresses a
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secreted DNA methyltransferase, Rv2966¢, which carries out methylation of host non-CpG

dinucleotides, although the genes regulated are unclear 2.

Epigenetic editing does not stem from Mtb-derived methylases alone. In fact, studies have
examined specific host-encoded mediators of the host epigenome modulation induced upon Mtb
infection. For example, the induction by Mtbh of NOOI and TRXR1, antioxidant genes important
for dampening the bactericidal oxidative response, are mediated by SET8, a histone methylase
that targets H4 lysine 20 (H4K20me1) **'. Matrix metalloproteinases MMP-1 and MMP-3, which
play a big role in tissue cavitation and damage, which are secreted by macrophages infected with
Mtb, are also epigenetically regulated by histone modifications 2*2. Further, Mth Rv3763-mediated
TLR2 signalling led to hypo-acetylation of the CIITA promoter and thus reduced expression of
class I MHC molecules, which impairs antigen presentation ***. This demonstrates that Mth may

hijack the host epigenetic processes to promote its survival and exacerbate pathology.

Studies have examined the epigenetic differences in patients with active TB compared to healthy
controls. One study found global H3K14 hypo-acetylation and H3K27 hyper-methylation in
PBMCs of active TB patients as well as a concomitant upregulation of histone deacetylase 1
(HDACI)*™. Indeed, the expression of HDACI was also increased in Mtb-infected macrophages

which correlated with global H3 hypo-acetylation °

. Conversely, Mtb secreted enhanced
intracellular survival (EIS) protein was shown to acetylate H3, elevating /L-10 expression and

inhibiting downstream autophagy induction in THP-1 macrophages®*.

Analysis of differentially DNA methylated genes (DMGs) from PBMCs in one study revealed
autophagy as the top enriched pathway, and also found that hypo-methylation of anti-
inflammatory mediator FOXO3 in patients was associated with higher one-year mortality rates
297 Interestingly, it also appeared that the majority of TB-related DMGs from this study were
hypomethylated 2*’. Another group found that monocyte-differentiated macrophages from active
TB patients expectedly had significant differential DNA methylation profiles in immune pathway
genes. Notably, patients had hyper-methylation of IL174 and NF-xB family genes **®. Separately,
DNA methylation status of 7LR2 in whole blood of TB patients was also assessed, which
demonstrated that 7LR2 hyper-methylation correlated with increased gene expression in
monocytes but decreased expression in NK cells, which was associated with disease severity and

one-year mortality 2%,

However, not all epigenetic changes in response to Mtb infection are pro-pathogen survival.
Naturally, the host machinery also responds in order to restrict infection. For example, the NLRP3
promoter is de-methylated in response to Mtb infection, increasing its expression and thus

enhancing the inflammatory response *'°.
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Evidently, a large portion of the literature on Mtb-mediated host epigenetic changes focused on
DNA methylation and less on histone modifications. In the next section, we describe a study
conducted by our group which demonstrated the effectiveness and reliability of studying histone
modifications (namely, H3K27Ac) in innate immune cells from active TB patients, as a tool to
understand crosstalk of Mrb-host interaction, and the subsequent investigation of a specific Mtb-

infection associated gene-of-interest '

1.7 Mtb infection and modulation of KCNJ15/Kir4.2 — Outcome of TB-HAWAS
study

Our group recently conducted a comprehensive histone acetylation-wide association study
(HAWADS) of peripheral blood monocytes and granulocytes from ATB patients and age-matched

211 Chromatin immunoprecipitation

healthy controls from Singapore and South Africa
sequencing (ChIP-seq) for H3K27Ac (a marker for active enhancers/promoters) was conducted
on CD14" monocytes and granulocytes, which was correlated with a RNA sequencing (RNA-seq)
dataset. Analysis of differentially acetylated peaks in monocytes revealed an overall enhancement
of voltage-gated potassium channel family members (P-value=9.8e-5). Most notably, the
inwardly rectifying potassium channel subfamily J member 15 (KCN.J15) gene locus was ascribed
8 upregulated peaks, indicative of significant chromatin changes to this gene during Mtb infection.
Transcriptomic data also corroborated this finding, showing that KCNJI5 transcripts were
upregulated in peripheral blood of active TB patients. Infection of primary monocytes with Mtb
also showed increased KCNJ15 expression, suggesting the induction of this channel to be a result
of mycobacterial infection and not a marker of predisposition to TB disease ?''. This study, thus,
forms the basis of our investigation into potassium (K") channel and K" homeostasis in the

immune response to mycobacterial infections.

1.8 Clinical importance of K*

Potassium (K") is the most abundant cation in living organisms, and plays vital functions in
various physiological processes. Most of K" resides intracellularly, with only 2% of total body K*
existing in the extracellular fluid *'. In humans, serum K levels are maintained generally between
3mM-8mM, falling below or going above this range would be considered hypokalemia or
hyperkalemia respectively. Certainly, K" is tightly and efficiently regulated by the body primarily
through the renal system, where most additional K" is secreted from the body in the urine or

quickly up taken by cells, especially the muscles *"°. Elevated plasma K' also stimulates
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aldosterone synthesis that promotes urinary K secretion by the renal system *'*. The effects of

hypo- or hyperkalemia are most salient in the arenas of heart and bone health.

K" exerts its effects on cardiovascular health through its direct regulation of blood pressure.
Increasing dietary K* can indeed alleviate cardiovascular risk factors such as hypertension .
Hence, reducing dietary sodium (Na") intake and increasing K" intake is recommended to lower
blood pressure *'°. Increased K* can decrease Na” reabsorption in the kidneys, but this natriuretic
effect cannot explain the entirety of K'-mediated blood pressure reduction. While the specific
mechanism behind this is not completely understood, it is thought that K™ has effects on vascular
tone and sympathetic nervous system, which can thus affect blood pressure 2'°. A longitudinal
study demonstrated that every additional 10mM of K" intake daily reduced 12-year mortality to
stroke by 40% *'".

Increased K intake is beneficial to bone strength. In fact, a trial of high dose organic K" salt
supplementation reduced calcium loss 2'°. However, there are mixed results regarding the

216 One theory posits that the body regulates

mechanism that underlies this association
consumption of acidogenic diets by compensating with the release of alkali K" and Ca*" from the

bone, thus increasing K intake can inhibit this process.

Additionally, K" is necessary for depolarization of pancreatic B-cells which allows insulin
secretion. Thus hypokalemia causes glucose intolerance by inhibiting proper insulin action *'°. As
such, sustained or severe dysregulation of K* in the body resulting in hypo- or hyperkalemia can
have fatal consequences. Cardiac dysrhythmia is one of the most common and fatal outcomes of
hyperkalemia that results from K* modulation of action potential physiology *'®. In the same vein,
hyperkalemia can also result in peripheral neuropathy *'°. Conversely, hypokalemia occurs most
often due to excessive loss of K" in the urine (kaliuresis) due to kidney disorders or diuretic usage,
and leads to various health problems such as cardiac arrhythmias and heart failure, digestive tract

paralysis, cramps and weakness and rhabdomyolysis **°.

Clearly, homeostasis and tight regulation of K* in the body is paramount, disruption of which,
can cause extensive multi-organ damage. However, majority of K' stores are intracellular,

suggesting that regulation of K would also have profound effects at the cellular level.

1.9 Overview of potassium homeostasis in cells

This study posits that potassium and its homeostasis plays a significant role in the immune
response to Mtb infection. At the cellular context, evidence reveals the far-reaching influence of
potassium homeostasis beyond that of action potential regulation, extending to various cellular

functions such as inflammation, cell motility and autophagy. Certainly, K* could affect these
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cellular processes in a way that alters the immune response during infection, such as the migration
of innate and adaptive immune cells to sites of infection, autophagic destruction of intracellular

pathogens and initiation of the inflammasome response which will be detailed in section 1.14 #"
222,223

In each of these processes, K™ homeostasis is largely modulated by K™ channels, which exist in
various families and are differentially regulated. Understanding the roles of the large selection of
K" channels encoded in our genome provides insight into how the simple process of potassium

transport can affect health and disease.

1.10  Potassium channel families

K" channels are the largest superfamily of ion-selective channels, spanning over 80 subunit-
encoding genes. Mammalian K" channels are thus abundant in variety and are expressed across
various cell types heterogeneously. All K* channels possess a pore-loop which contains the
consensus sequence T-X-G-Y(F)-G, and forms the selectivity filter for passage of K* ions ***. The
many K" channels can be classified by the number of transmembrane (TM) domains per subunit,
with inwardly rectifying (Kir) channels, two-pore K channels (K2P), and both voltage-gated (Kv)
and calcium-activated K* (KCa) channels comprising 2 TM, 4 TM and 6 TM regions respectively
(Fig 5) . At a cellular level, most K* channels act transiently, responding to physiological cues,
while a few exist in a constitutively active state ***. While each subclass of K channels are pivotal
to specific functions and cell types, the most well-studied channels fall under Kv and KCa channel

families.
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Figure 5. Potassium channel superfamily %
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Naturally, Kv channels are highly sensitive to changes in membrane potential, making them
important players in action potential physiology and thus in nervous system and cardiac function
226.227.228 'Ky channels have also been highly implicated in the activation of immune cells, mainly
T cells, and regulation of vascular tone **#% %! Some KCa channels can be voltage-sensitive,
but they are all certainly sensitive to intracellular Ca®>" changes, making them susceptible to
regulation by Ca*’-mediated signaling ***. KCa channels have thus been heavily implicated in
processes such as neurotransmitter release, immune cell activation and regulation of smooth
muscle tone 2% %% 34 25 Ky and KCa channels and their widespread function in immune

regulation are further described in section 1.11.

K2P channels, unlike Kv channels, are not regulated by membrane potential changes. Most K2P
channels are pH-sensitive and are insensitive to classical K* channel blockers and were
overlooked as most viewed their function as simply being leak channels *°. K2P channels are

involved in wide-ranging processes, such as renal reabsorption and inflammasome activation *%

237,238

All members of the K™ channel family dabble in K* ion transport, but appear to be differentially
regulated, whether by changes in membrane potential, pH, cellular signaling or Ca®" fluxes etc.
Indeed, the large heterogeneity of K transport channels demonstrates that there can be significant
redundancy between channels, a fact that is important to bear in mind when dissecting the
contribution of a single K* channel in a specific context. In fact, it is challenging to summarize a
generic role for any one family of channels since they can have varying roles for different cell

types and niches.

For the purposes of this study, we will examine more closely, the biology and literature behind

the Kir channel family.

1.11  Kir channels

Inwardly-rectifying (Kir) potassium channels are encoded by the KCNJ gene family. All Kir
channels share a similar topology, comprising two membrane-spanning transmembrane (TM)
domains connected by a pore-forming loop (H5), and cytoplasmic N and C-termini (Fig 6A) **°.
A functional Kir channel comprises four subunits associating to form homotetramers or
heterotetramers, some of which become associated with regulatory elements such as sulfonylurea
regulatory components or G-proteins **°. Also, Kir channels are readily inhibited by polyamine

blockade and Mg*" ions from the cytoplasmic side which can inhibit outward current >,
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The 15 members of the KCNJ family are classified into 4 subgroups; (1) K transport channels,
(2) Classical K* channels, (3) ATP-sensitive and (4) G-protein gated K* channels (Fig 6B) **’.
Indeed, the variation in function and regulation of each KCNJ family member is reflected in their
significance in a wide range of diseases. However, only a few members of the KCN.J family have
been well studied. Much of our understanding of Kir channel roles is derived from disease

association with KCNJ gene mutations and polymorphisms.

KCNJ1, KCNJ10, KCNJI3, KCNJ15 and KCNJI6 encode channels that are classified as K
transport channels. Kirl.1 (KCNJI) is almost exclusively expressed in the kidneys and male
reproductive tissues, and mutations have been reported to cause Bartter’s syndrome which
manifests as defects in renal ion handling 2*. Kir4.1 (KCNJ10) is mainly expressed in the brain
and kidneys as well. Most of the literature revolving around KCNJ10 describe the effect of genetic
mutations that have been implicated with EAST or SeSAME syndrome, which is short for and
encompasses, the onset of epilepsy, ataxia, mental retardation, sensorineural deafness and
electrolyte balance impairments **"* 2> 2% Mice deficient in KCNJI0 show similar symptoms,
confirming the direct role of Kir4.1 loss-of-function in precipitating these phenotypes **'.
Mutations in KCNJ16, which has specific pH-sensitive properties, leads to renal salt wasting and
metabolic acidosis ***. Slightly different from the rest is KCN.J13, which is not well studied but is

correlated with inherited retinal degeneration **.

KCNJ2, KCNJ4, KCNJI2 and KCNJI4 encode channels that are classified as classical K"
channels. While Kir2.2 (KCNJ12), Kir2.3 (KCNJ4) and Kir2.4 (KCNJ14) can be almost
considered unstudied, Kir2.1 (KCNJ2), a constitutively active channel which exhibits strong
inward rectification *°, has been widely studied. It is associated with cardiac function, whereby
mutation and defective translocations lead to disorders such as familial atrial fibrillation and
Andersen's syndrome *® %7 ! Neutrophils have been found to express functional Kir2.1

channels which may be crucial to their function in a growth factor-dependent manner **°

. Blocking
of Kir2.1 with ML133, a small molecule selective inhibitor, also inhibited migration, proliferation
and microglial response to inflammatory stimuli, likely via modulating Ca*" movement and

signalling >,

KCNJ3, KCNJ5, KCNJ6 and KCNJ9 encode G-protein-gated Kir channels. GIRK4/Kir3.4
(KCNJ5) is expressed in numerous organs such as the adrenal glands, lung, pancreas, heart and
brain %', Accordingly, KCNJ5 mutations were well associated with the onset of sporadic and
familial hyperaldosteronism. Mutations in the GIRK4 selectivity filter were determined to cause
Na' entry and aberrant Ca?* signalling, leading to aldosterone production 2*2. Kir3.2 (KCN.J6) and
GIRK3 (KCNJY), on the other hand, is expressed almost solely in the brain, and are associated
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with pain perception, reward-processing and addiction 2°* 2% 23% 256 A clear function of KCN.J3

is not yet well established.

Famously, the ATP-dependent Kir6.2 (KCNJ11) has been broadly linked with diabetes aetiology.
A portion of permanent neonatal diabetes cases have been attributed to activating mutations in
KCNJ11*7, Furthermore, patients responded to treatment by oral sulfonylurea drugs which target
the sulfonylurea group regulating ATP-dependent Kir6.2 activity, replacing insulin treatment
altogether ***. Also, in adult type 2 diabetes (T2D) patients, the E23K polymorphism in KCN.J11
was linked to increased susceptibility to T2D in Caucasian populations, weight gain and obesity
239 KCNJ8, another ATP-dependent Kir channel, is widely expressed but is mostly unstudied

except for some having implications in cardiac function *°
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Figure 6. Kir channel structure and family members. A) Typical structure of a Kir channel subunit. B)
Kir family channels and their classifications. Adapted from Hibino et al. *°

1.12 KCNJ15/Kir4.2

Kir4.2 (encoded by KCNJ15) is less studied compared to some of its peers. Kir4.2 is expressed
in many tissues of the body, but RNA expression is largely concentrated at the kidneys and
endocrine organs »'. Interestingly, single-cell transcriptomics of human blood immune subsets

showed that neutrophils highly express KCN.J15, while monocytes also do so but at a much lower
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level %', Kir4.2 can form either homotetramers or heterotetramers with Kir5.1, and is pH-sensitive
239

Kir4.2 appears to dabble in the regulation of cellular secretion, such as that of gastric acid and
insulin. In the stomach, mRNA expression of Kir4.2 is higher than any other potassium channel
262 Tt was discovered that Kir4.2 remained dispersed in the cytoplasm in resting conditions but
translocated to the apical membrane of parietal cells when stimulated with histamine %, Kir4.2
localization to the apical membrane is suggested to supply K™ to facilitate H,K-ATPase transport
of protons 2. A separate study also revealed similar apical translocation in support of proton

secretion in human airway gland serous cells of the lungs ***.

Kir4.2 has also been implicated in the context of glucose regulation and diabetes, with the
increased expression of Kir4.2 mRNA in islets of Langerhans in patients with T2D. Furthermore,
glucose stimulates Kir4.2 expression in INS1 cells in vitro while knockdown of Kir4.2 in diabetic
and nondiabetic mice enhanced insulin secretion. This indicates that Kir4.2 suppresses insulin
secretion in the islets, contributing to diabetes pathology **°. The same group then conducted fine
mapping of SNPs in Japanese patients with T2D and identified the SNP rs3746876 of KCNJ15 as
a new T2D susceptibility marker **°. A later replication study limited this association to obese

T2D patients in the Japanese population **7 .

Potassium channels are known to be pivotal to neuronal activity, hence it is no surprise that studies
have also revealed potential involvement of Kir4.2 in neurodevelopmental and neurological
disorders. A recent whole-genome sequencing study of Alzheimer’s identified a common
KCNJ15 variant which could affect the age of onset of disease. Further network analysis of the
datasets suggested that risk variants in KCNJ15 locus could exert their effect through immune-
related pathways . Interestingly, in humans, KCNJI5 is mapped to the Down syndrome
chromosome region-1 (DCR1) on chromosome 21 which is suggested to harbour genes that
contribute to the presentation of Down syndrome phenotypes 2®. KCNJ6 is also mapped to the
DCRI1, where a specific mutation was also linked to Keppen-Lubinsky syndrome (with clinical
symptoms resembling that of Down Syndome) *”°. However, so far no other genetic variations in

KCNJ15 have been discovered which manifest similar clinical features.

At a cellular level, Kir4.2 was recently suggested to be a sensor of weak electrical fields, allowing
the cell to respond by galvanotaxis. Knockdown of Kir4.2 revealed a loss in directedness during
galvanotaxis of corneal epithelial cells. It was discovered that the channel’s link to cellular
motility lay in its coupling with polyamine-catabolizing enzyme spermidine/spermine
acetyltransferase (SSAT) which in turn, activate the channel by reducing polyamine blockade *’'.
SSAT interacts with 091 integrin that can bind VCAM-1 expressed on endothelial cells 2> 7,

This gives us further understanding on how Kir4.2 affects transmigration and extravasation of
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cells from the bloodstream. Further study into how metabolic control of polyamine levels affect

Kir channel function could provide interesting mechanistic insights.

Evidently, Kir4.2 plays diverse roles in many cell types and cellular functions, however its role
in innate immunity is yet to be explored. In this light, the functional consequences of Kir4.2

upregulation in the monocytes of Mtb-infected patients remains to be understood.

1.13  Potassium at the interface of pathogenesis and nutritional immunity

Nutritional immunity is a process which involves the hosts ability to control intracellular
pathogens by restricting their access to essential nutrients. Intracellular metal ions such as iron
(Fe*" / Fe*"), Copper (Cu*") and zinc (Zn®") are known to be important for host control of
pathogens and are regularly manipulated by bacterial invaders in an attempt to evade immune
destruction. Iron limitation is a strategy employed by the innate immune system to inhibit
infection through means such as reducing iron reabsorption and removal of iron from the
phagosome 274 273 276.277 278 279 280 Changes in the ionic environment can also influence immune
cell activation states which affect their ability to control infections. High NaCl was shown to
prime a pro-inflammatory activation state of macrophages. AMs of mice fed a high-salt diet
showed increased pro-inflammatory gene expression and aggravated inflammation in a model of

acute lung injury **!.

A separate group also found that salt-induced pro-inflammatory
macrophages worsened CNS autoimmunity in an experimental autoimmune encephalomyelitis

(EAE) mouse model for multiple sclerosis 2*.

Compared to the function of metal ions in nutritional immunity, the role of K" in the realm of
host-pathogen interaction has been much less characterized. As single-celled organisms, bacteria
thrive best when optimal intracellular K" levels are maintained to facilitate efficient cellular
processes and metabolism. Many bacterial species have evolved potassium transport systems to
cope with dynamic environmental challenges to manipulate K* availability and establish
successful infection. Trk channels are a common K transporter in bacteria that have a modest
affinity for K and primarily plays a role in K* uptake ***. S. typhimurium lacking the Trk
transporter was impaired in its ability to infect epithelial cells and led to reduced virulence in
infected animals ***. In a separate study, the gene Rv3237c, encoding for a TrkA family potassium
transporter, was induced in Mtb-infected macrophages, suggesting that Mtb increases its
K" uptake during infection **°. Likewise, F. tularensis lacking the homolog TrkH was inhibited
in bacterial growth, virulence and dissemination in the mouse **¢. While the Trk channel displays
moderate affinity for K, a second K" transport system is de-repressed if it is not sufficient to
supply the need for K*. The Kdp transport system boasts a high affinity Kdp channel induced by

species like E. coli to scavenge traces of K* in the environment **’. The Kdp channel has also
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been implicated in dormancy of Mtb, where it is upregulated during persistence in the host and is
suggested to help scavenge K’ in that state **. Also, deleting the KdpDE operon increased
virulence of Mth **, highlighting the fact that K" homeostasis can affect bacterial infectivity and
pathogenicity.

1.14  Potassium and potassium channels in regulating the immune response

While virulence and survival of bacterial pathogens can also be modulated by K™ availability, our
study focuses more on the host K* channels and homeostasis of K. Once again, research into K-
mediated immune regulation is not very comprehensive compared to that of Ca*", Fe*" and Zn*".
Here, we briefly describe the existing literature implicating K* in the immune response in various

contexts.
1.14.1 Inflammasome activation

The requirement of K" efflux for NLRP3 inflammasome activation is now common knowledge
290 1 However, its precise mechanism remains unknown. The NLRP3 inflammasome is
triggered by a large variety of ligands such as PAMPs (bacterial components, viral RNA
etc.),DAMPS (extracellular ATP, amyloid-B etc.) which trigger non-canonical NLRP3, and
crystalline substances like cholesterol crystals and silica particulate matter which induce

291

canonical NLRP3 signalling ~". Most NLRP3 stimuli, regardless of canonical or non-canonical

pathway activation, converge on their requirement of K* efflux which is necessary and sufficient

for inflammasome activation (Fig 7) 2**.

Some have suggested that K™ efflux is upstream of mitochondrial ROS (mROS) production in the
activation of NLRP3. One study showed that K* efflux facilitates Ca’" influx via the P2X7
receptor, and this Ca®" signalling triggers mROS production which culminates in inflammasome
activation **. This is supported by other work which showed that treatment with small molecules
inducing mitochondrial dysfunction can trigger NLRP3 independent of K* efflux ***. Recent
studies also demonstrated that K™ efflux was required for NEK7 interaction with NLRP3 which
precedes inflammasome formation, shedding more light on the still poorly understood link

between intracellular K* and inflammasome signalling 2>,

A few K" channels have now been linked to NLRP3 inflammasome activation and IL-18 release.
The K2P K* channel TWIK2 was shown to play a significant role in K™ efflux in mouse
macrophages during NLRP3 activation **’. Another K2P channel, THIK-1, is endogenously
expressed in microglia and its blockade reduces IL-1p production during activation *’. Similarly,
inhibition of MaxiK channel also prevented LPS-induced NF«B signalling and cytokine secretion
2% Specific Kv1.5 blocker DPO-1 was also able to limit monosodium urate crystal-induced

caspase-1 and IL1p release in LPS-primed macrophages **°.
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On the other hand, studies have also shown that knockout of Kir6.2 and TREK1 enhanced NLRP3
activation and worsened inflammatory organ injury *****!. Furthermore, Kir2.1 activation was
associated with downregulation of NLRP3, caspase-1, IL-1f and IL-18 genes in H9C2
cardiomyocytes, seeming to play a role in ameliorating cardiac inflammation **2. This suggests
that during activation, some K" channels result in net efflux activating NLRP3, whereas others
may reign in the degree of the response through K" influx. In addition, it is clear that the different
channels could play a redundant role in K" transport leading up to inflammasome response, as

their function and expression levels may differ across different cell types and tissue niches.

Recently, a known inhibitor of TWIK2 - ML365, was tested for its efficacy in limiting
inflammasome activation, with potent results. In fact, pre-treatment with ML365 was also able to
limit the severity of LPS-induced endotoxic shock ***. Clearly, understanding K* channel and
their role during inflammasome activation can lead to interesting avenues for anti-inflammatory

therapy through utilizing K" channel blockers and activators.
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Figure 7. Canonical and non-canonical inflammasome activation and their convergence on K* efflux
for NLRP3 activation by Rivers-Auty and Brough (2015) *2.

1.14.2 Immune activation

In the arena of K -mediated immune cell regulation, most of the focus has been placed on T cell
activation. Recent publications have highlighted the importance of K" in regulating T cell
responses in the context of tumour-infiltrating lymphocytes. Necrotic tumour tissue release their
intracellular contents, creating a microenvironment saturated with K* (up to 40mM). Eil et al.

found that increased extracellular K™ ([K']e) led to inhibition of T cell receptor (TCR)-driven
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AKT-mTOR signalling and reduction of T cell effector programmes **. They later showed that
high [K']e inhibited T cell nutrient uptake, leading to metabolic reliance on mitochondrial
OXPHOS and reduction in available acetyl-CoA. This resulted in reduced histone acetylation and
led to suppression of effector programmes while inducing stemness-associated programmes,
enabling the T cells to control tumour growth effectively **. A separate study using human
peripheral blood T cells suggested that high [K"]e-mediated T cell suppression was modulated by
KCa3.1 .

It is interesting to observe that a simple change in [K']e could result in such profound cellular
changes and exert an impact on tumour control. Many bacterial infections can result in cellular
death by apoptosis, necrosis or pyroptosis. The latter two can occur as an endpoint of pathogen-
mediated inflammasome activation or ROS generation and results in membrane rupture and

release of intracellular contents %7,

In terms of K channels, voltage-gated K* channel 1.3 (Kv1.3) has been widely studied for its role
in the pro-inflammatory response and T cell activation. Kv1.3 facilitates the release of Ca" stores
into the cytoplasm to initiate signalling and activation of T cell response by providing a counter
ion K" efflux. Treatment with Kv1.3 blockers inhibit T cell Ca*" signalling, cytokine production
and reduce autoantigen-specific T cell proliferation, proving potentially useful as therapeutics for
autoimmune diseases 3°%. Furthermore, Clofazimine, which is known to block Kv1.3 channels
and disrupt Ca*" oscillation and signalling, administered following BCG vaccination, enhanced
protection from Mth by expanding BCG-specific effector memory T cells 3% 319 Specific
blockade of Kv1.3 with another inhibitor ImK, reduced CD8" T cell infiltration and cytotoxicity
in a rat model of experimental EAE *''. Indeed, deletion of Kv1.3 inhibited CD4" T cell migration
into the CNS and shifted T cells into an immunomodulatory phenotype with increased 1L-10
production in EAE *'2. In fact, high expression of Kv1.3 in CD4" and CD8" T-cells is correlated
with pro-inflammatory IL-17a and TNFa in the ulcerative colitis model *'*. Kv1.3 is also highly
expressed in microglia in patients with Alzheimer’s disease, a disease now often associated with

inflammation 3",

Besides T cells, K channels have been noted to also modulate macrophage activation and
inflammatory status. In a model of stroke which causes a significant inflammatory response,
microglia were shown to upregulate Kir6.2, and treatment with glibenclamide (Karp blocker) was
associated with neuroprotection *'>. Blockers of Kv1.3 such as margatoxin and charybdotoxin

also limited macrophage migration and iNOS expression levels *'°.
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1.14.3 Immune cell migration

K" channels are greatly implicated in immune cell migration, where Kv1.3 and KCa3.1 take the
spotlight. Gene silencing experiments in RAW264.7 macrophages revealed that Kv1.3 enhances
migration via the activation of ERK *'". Peritoneal administration of margatoxin also alleviated
acute liver injury in mice by limiting inflammatory macrophage migration *'®. Indeed, Kv1.3 is
highly expressed in inflammatory immune infiltrates consisting of T cells and macrophages in the

multiple sclerosis brain "7

Calcium-dependent K* channel (KCa3.1) is also pivotal in T cell activation and migration.
Adenosine mediates inhibition of CD8 T cells migration into solid tumours which was reversed
with administration of KCa3.1 activator 1-EBIO **°. Aside from T cells, KCa3.1 is also necessary
for mast cell activation and migration *2"*??, Genetic silencing of KCa3.1 in neutrophils altered
cell volume regulation and impaired chemotactic and chemokinetic abilities, causing reduction of
neutrophils recruitment to the lungs during acute injury *%. It is proposed that K* channels such
as KCa3.1 are polarized on the rear end of a migrating cell, where Ca®" intake and K* efflux leads

to rear end retraction %,

1.14.4 Cellular apoptosis

Mitochondrial Kv1.3 channel has been found to facilitate apoptosis of lymphocytes. During
apoptosis induction, Bax was demonstrated to interact with MitoKv1.3, blocking the channel. The
resulting hyperpolarization of the mitochondrial membrane led to ROS production and
cytochrome c release **°. Indeed, many other Kv channels have also been implicated in cellular
apoptosis or survival in other cell types, such as Kv1.1, Kv1.5, Kv11.1 and Kv2.1 3. In fact, the
authors later demonstrate that inhibiting Kv 1.1 and Kv1.3 also induces apoptosis in lymphocytes
as well as macrophages **’. Another study also showed that 1-EBIO, an opener of KCa channels,

induced neutrophil production of mitochondrial ROS and apoptosis ***.

More generally, it was shown that low K" conditions induce apoptosis *****. Likewise, a drop in
intracellular K™ has also been demonstrated be required for apoptosome induction and caspase-1
activation **'**¥2, This phenomenon is interestingly similar to that of K* efflux preceding NLRP3
inflammasome activation, and may similarly be regulated by K" channels. Thus, K™ homeostasis
can strongly influence apoptosis induction in immune cells, which may be restrictive against

intracellular pathogens, and prevent excessive inflammation 3% 33% 3%,
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1.14.5 Phago-lysosomal compartments and autophagy

While cell surface membranes are well-known to be embedded with various K channels, the
membranes forming phagosomes and subsequent endolysosmal structures may also carry these
channels trafficked independently or originating from the surface membrane. A range of studies
have since shown that intra-phagosomal K" regulation could be pivotal to the microbicidal
functions of immune cells **°. In neutrophils, killing activity was shown to be mediated through
activation of proteases by K" flux. Superoxide (O7) generation causes an influx of K" into the
phagocytic vacuole for charge compensation, and the increase in ionic strength concurrently
activates granule proteases **’. In a similar vein, novel lysosomal channel TMEM175 was found

to regulate lysosomal potential and pH and was necessary for effective phagolysosomal fusion
338

One study tested the effect of common inhibitors of Ca** and K* transport in the killing of
intracellular Mtb and found that efflux pump inhibitors enhanced killing by infected macrophages
339 To explain this, the authors proposed a model; phagocytosis of Mtbh through membrane
invagination led to a phagolysosome where ion pumps extrude K* and Ca®* from the vacuole to
the cytoplasm. When phenothiazine, an ATP-sensitive K* channel inhibitor, is administered, the
efflux of K" and Ca?" from the phagolysosome is prevented. This causes the build-up of H',
allowing the hydrolases to be activated leading to the digestion of the bacterium **. The
importance of compartmentalized K'has also been found in the context of viral infections.
Bunyavirus (BUNV) can activate host K* channels, manipulating host cell K™ currents to maintain
its replicative cycle **!. BUNV traffics through endosomes containing high [K'], and inhibition

of K* channels arrested virus trafficking.

The role of K" in regulating autophagy is not particularly well understood, but studies using
specific K™ channel activators and blockers have shed light on this process **2. Kv11.3 (hRERG3)
activator - NS1643 was able to enhance autophagy induction via an AMPK-dependent pathway,

343 Mitochondrial Katp channels have also been

while concurrently inhibiting cell proliferation
implicated in angiotensin-mediated autophagy induction in VSMC cells, although inhibition with
5-HD was suggested to limit autophagy by reducing ROS production ***. Clarithromycin
treatment also enhanced initial autophagic flux by blocking hERGI interaction with PI3k and

preventing Akt phosphorylation.

It is thus reasonable to suggest that the role of K" transport in phagolysosomal acidification is
likely to provide a counter-ion for H" movement, while induction of autophagy by channel
modulators has more of an indirect effect, stimulating autophagy via metabolic and oxidative

cellular signals.
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Evidently, K channel modulation and movement of K ions can have a significant impact on
immune responses to bacterial infections at many different levels. As we consider how K'
movement can affect the host response to Mrb infection, we focus our attention on the

mycobacterial granuloma, a potential site for deregulated K™ homeostasis.

1.15 The TB granuloma, necrosis and a role for K'-mediate immune

modulation

While the TB granuloma has been considered to be host-protective by limiting Mtb spread and
hyper-inflammation, it is also the primary centre of lung tissue pathology and transmission ’. The
development and maintenance of granuloma integrity has been shown to be IFNy and TNFa-

dependent 345346347

. Studies have shown that each granuloma within a single host is distinct,
exhibiting varying levels of sterilizing outcomes and necrotic pathology *****°. In fact, a very
recent study demonstrated time-dependent robust differences in immune cell composition and
bacterial restriction in an individual granuloma in Mtb-infected macaques, that might result in a
differential outcome **°. Host dysfunction such as the stress response mediated by INF-I **' and

Mtb-induced ferroptosis >

, or the production of Mth virulence factors including anti-
inflammatory lipoxins which suppress macrophage membrane repair ******, and NAD" depleting
tuberculosis necrotizing toxin (TNT) ** are examples of perturbations that have been shown to

contribute to macrophage necrosis which may skew granulomas toward necrotic pathology.

Necrosis is characterized by the irreversible disruption of the plasma membrane and release of
intracellular contents, which can lead to extensive inflammation if uncontrolled **¢. The nature of
the microenvironment of granuloma centres undergoing necrosis is surprisingly understudied. In
fact, few studies have directly assessed intra-granuloma conditions. It is widely accepted that
hypoxic conditions exist within necrotic lesions **"-**®, Other literature conject that the granuloma
exists under high oxidative and nitrosative stress conditions, demonstrated in a guinea-pig model

of Mtb infection, where granulomas stained strongly for glutathione and Nrf2 3536,

During necrosis, the release of intracellular material such as intracellular ions can alters the
immediate microenvironment of necrotic granulomas. K is the cation of greatest abundance,
ranging from 130-150mM intracellularly, whereas extracellular and serum K" levels typically lie
between 3-8mM. Indeed, it is conceivable that necrosis of cells within granulomas results in a
significant increase in extracellular K™ ([K']e ) in the microenvironment, which may have

noteworthy effects on neighbouring cells.
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1.16  Aims and significance

We have previously demonstrated that KCNJI5 is induced both at an epigenetic and
transcriptomic level in monocytes of active TB patients, and that expression of KCNJI5 is
associated with mycobacterial control. We therefore hypothesize that KCNJ15 is induced upon
infection and enhances mycobacterial-restrictive cellular programmes, aiding in intracellular
infection control. In order to investigate the mechanisms behind KCNJ!15 function in this context,

the first aim of this study was to:

1) Delineate the role of KCNJI5/Kir4.2 in mycobacterial infection using in vitro and in vivo

models.

To this end, we employed an in vitro gain and loss-of-function model using the THP-1 monocytic
cell line, where KCNJI5 was lentivirally overexpressed or knocked out using CRISPR-Cas9

system. Additionally, we generated a Kcnjl5 knockout mouse for in vivo studies.

Secondly, we hypothesize that necrosis occurring within mycobacterial granulomas allows
intracellular K" content to be released into the microenvironment, resulting in higher extracellular
K*. Exposure to such increased K* concentrations could benefit intracellular mycobacterial
control by surrounding innate cells such as monocytes and macrophages since CD8 T cells under
similar conditions demonstrated improved tumour growth restriction **'. Therefore the second

aim of this study was to:

2) Investigate levels of [K']c in the necrotic mycobacterial granuloma and delineate the effect of

high [K"]e on innate immune control of intracellular mycobacterial infection.

Necrotic mycobacterial granulomas were investigated for their extracellular K content using a
zebrafish model of Mycobacterium marinum infection, as well as a mouse model of hepatic
granuloma formation. The mechanistic effect of high [K']. on monocyte and macrophages were

explored in vitro.

K" channels are popular druggable targets, with many broad-spectrum and specific inhibitors and
activators already in the market. Besides Ba** which blocks Kir channels in general, a specific
blocker of Kir4.2 has not yet been discovered. Understanding whether KCNJ15/Kir4.2 expression
is host protective or detrimental during mycobacterial infection in terms of mycobacterial
restriction and inflammatory phenotype will allow us to consider the development of Kir4.2-
specific activators or blockers to enhance mycobacterial clearance or limit pathogenic
inflammation. As always, gaining comprehensive knowledge on the biology of a target in a

specific context is key to designing effective therapeutics.
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Grasping the tissue microenvironment and how it provides specific conditions and signals for
cells in that locale is now paramount to understanding cellular responses. The mycobacterial
granuloma presents a complex niche that is dynamic in terms of its immune composition and
progression over the disease course. We focus mainly on assessing the presence of high [K']. in
the granuloma that can be derived from cellular necrosis and how the same can influence immune
cell restriction of mycobacteria. This undertaking represents one of the few efforts to examine the
intra-granuloma ionic microenvironment and our findings may provide insights into granuloma
progression, the effects of K™ homeostasis on immune anti-microbial function in general, and

whether modulating K" availability may benefit the host during bacterial infections.
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Chapter 2: Materials and Methods

2.1 Ethics statement

Human blood collection and experiments were approved by Institutional Review Boards (IRB)
of NHG-DSRB and A*STAR-IRB, Singapore. Apheresis cone blood was obtained from
unidentifiable platelet donors (IRB reference: #2026-026, HSA Application #202106-16). Mouse
experiments (JACUC: #211645) were reviewed and approved by BRC (Biological Resource
Centre), A*STAR Institutional Animal Care and USE Committee (IACUC) under rules and
regulation of the National Advisory Committee for Laboratory Animal Research (NACLAR).
Mouse experiments with Mtb-infected mice were conducted at International Centre for Genetic
Engineering and Biotechnology (ICGEB), New Delhi, were reviewed and approved under
ICGEB/IAEC/18092021/CI-15.

2.2 Cell culture

THP-1 monocytes (ATCC, TIB-202) were cultured in RPMI containing 10% FBS, 1X Sodium
pyruvate, 1X MEM NEAA, 1X GlutaMax and 1X Kanamycin (Gibco). LentiX™-293T cells
(Takara, # 632180) were cultured in DMEM containing 10% FBS, 1X Sodium pyruvate, 1X
MEM NEAA, 1X GlutaMax and 1X Penicillin/Streptomycin. For selection of cells stably
incorporating expression plasmids containing puromycin resistance cassette, 2p1g/mL puromycin
(Gibco, #A1113803) was added to media for 2-3 days alongside an uninfected/untransfected
control. To generate THP-1 macrophages, THP-1 monocytes were cultured in 100ng/uL. phorbol
12-myristate 13-acetate (PMA) (Sigma, #P1585) for 24h, swapped to fresh media for a further
24h before infection. For treatment of potassium, KCl (BDH, #101985) was prepared in
antibiotic-free RPMI and filter-sterilized before adding to culture.

2.3 Mtb/BCG culture

Wild-type (WT) or mCherry-tagged Bacillus Calmette—Guérin (M. Bovis BCG) were grown in
7H9 media (Difco, #DF0713-17-9) supplemented with 10% ADS, 0.2% glycerol and 0.05%
Tween 80 and 50pug/mL Hygromycin B (for fluorescent BCG) in standing culture at 37°C.
Bacteria stocks were frozen down in 10-15% glycerol between 0.4-0.6 ODgoo and aliquots plated
on 7H11 agar (Difco, #DF0838-17-9) supplemented with 10% Middlebrook OADC Enrichment
medium (BD Biosciences, #212351) to determine bacterial CFU. Aliquots were freshly thawed

for infection experiments.
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2.4 Isolation and culture of human CD14" monocytes

Anapheresis donor blood was processed by Ficoll-Paque (Cytiva, #17144003) density gradient
centrifugation at 2000rpm, with zero acceleration and decceleration, and PBMC layer was
extracted. Human CD14" monocytes were isolated using EasySep™ Human CD14 Positive
Selection Kit II (Stemcell, #17858). To differentiate CD14" monocytes into monocyte-derived
macrophages (MDMs), monocytes were cultured at 1¥10° cells/3mL differentiation medium
consisting of RPMI supplemented with 50ng/mL recombinant human M-CSF (R&D Systems,
#216-MC-005) and incubated for 5 days. MDM were harvested with 2mM EDTA in PBS for

downstream experiments.

2.5 Invitro Mtb/BCG infection assay

Cells (THP-1/primary monocytes/MDMSs) were cultured in antibiotic-free RPMI for infection
purposes. Freshly thawed BCG/Mtb was diluted in 10mL antibiotic-free RPMI and pelleted at
3800rpm for 10 min, re-suspended in media and de-clumped using a water bath sonicator for 5
min. BCG/Mtb was then topped up with RPMI and added to cells at MOI 5:1 (5 bacilli to one
eukaryotic cell) and seeded at a cell density of 3*10%mL. Infected cells were incubated for 3 h,
then harvested in media and centrifuged at 800 rpm to remove extracellular bacteria. Infected
cells were counted and seeded at 1x10%mL for further incubation (24-72 h), and appropriate
treatments added at this time. At specific timepoints, cells were washed in PBS prior to lysis in
TRIzol (Life technologies, #15596018) (for RNA), or in RIPA buffer (Sigma, #R0278) (for

proteins) on ice.

For CFU enumeration, infected cells were seeded at 5¥10* cells in 200uL per well in triplicates
in a U-bottom 96-well plate, with or without inhibitors/treatments. Adherent cells (PMA-
differentiated THP1, MDMs) were infected directly in 96-well plates (5%10* cells per replicate)
at MOI 5:1 and cell density of 1*10%mL. At the respective infection timepoints, plates were
centrifuged, pellets were washed once in PBS and lysed in 200uL 0.06% SDS for 10 min. Serial
dilution was carried out and cell lysates plated on 7H11 agar. Colonies were counted after plates

were incubated at 37°C for 14-18 days.
The working concentrations of N-acetyl-cysteine (NAC) (Sigma, #A7250), 3-methyladenine (3-

MA) (Abcam, #ab120841) and Wortmannin (Selleckchem, #S2758) are SmM, 50uM, 10mM and
10um respectively.
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2.6 Generation of plasmids, lentiviral vectors and transfection

For CRISPR-Cas9 knockout, an oligomer-based paired guide RNA (pgRNA)-CRISPR/CAS9
lentivirus approach was taken, utilizing Library cloning vectors (pAdaptor and pDonor for gRNA
cloning) and lentiviral expression plasmids (PHASE-DEST-CAS9-T2A-GFP). pAdaptor was
generated by cloning the gRNA scaffold together with U6 promoter flanked by BbsI site in pUC57
using Clal and Bstbl sites. Bbsl digestion of PCR amplified product using universal primers
flanking the adaptor releases an adaptor fragment which accepts Bbsl compatible single gRNAs
at each end. pDonor plasmid was generated from Gateway™ pENTR™ 11 Dual Selection Vector
(Thermo Fisher, #A10467). A T1 and T2 region containing Bbsl site was deleted using Nhel and
AflIl. A cassette (LoxP-U6 promoter-Bbs I-CHL-CCDB-Bbs I - gRNA scaffold) was cloned

between AttL1 and AttL.2 using Xhol and Kpnl. Lentiviral expression vectors to generate knock
outs (Cas9-GFP) was generated by cloning in CMV-CAS9-T2A-GFP (System Biosciences,
#CDS500B-1) using Nhel and Swal restriction sites (PHASE-MCS-CMV-CAS9-T2A-GFP). This
was followed by blunt end cloning of DEST cassette upstream to CMV (PHASE-MCS-CMV-
CAS9-T2A-GFP). Plasmids are illustrated in Figure 8.

Figure 8. Plasmid vectors used in CRISPR-Cas9 knockout generation.

A set of forward and reverse 25 bases long oligomers (Forward gRNA seq:
TTCACATCGGCATGTCCAGC, Reverse gRNA seq: GTGGTATCTCTCTCCAAAAA) for gRNA
targeting human KCNJ15 Exon 4 (only 1 coding exon) genes were ordered from Integrated DNA
Technologies (Fig 9). For cloning, gRNAs were mixed at equimolar concentrations,
phosphorylated and annealed. The adaptor was PCR amplified using a set of universal primer and
pAdaptor plasmid as a template, digested with Bbsl, purified and ligated with annealed oligos
(1:20 dilution) as described above.
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Figure 9. Human KCNJ15 gene track. Snapshot of human KCNJ15 gene track (blue) and Consensus CDS
protein-coding region (green). Zoomed-in region represents Exon 4, and black bars represent designed
gRNAs and RT-qPCR primers used. Obtained and adapted from UCSC Genome Browser 62, at
http://genome.ucsc.edu.

The ligation reaction was purified using MinElute PCR column purification (Qiagen, #28004)
and gel extraction. (Qiagen, #28604). Ligated gRNAs-adaptors were ligated to Bbsl digested
pDonor and transformed into TOP10 cells and plated with kanamycin selection. Plasmids were
purified from resulting bacterial clones KCNJI5 specific paired guide RNAs were confirmed
based on Sanger sequencing. gRNAs were then shuttled efficiently to the DEST containing
lentiviral CAS9 expression plasmids using Gateway LR Clonase II system (Invitrogen,

#12538120).

Viral particles were produced by co-transfection of KCNJI5 gRNA-containing lentiviral
plasmids, together with packaging plasmids. LentiX cells were cultured to a confluency of 80%
prior to transfection. Phage plasmids and lentivirus packaging plasmids were transfected into
LentiX cells using Xfect™ Transfection Reagent (Takara, #631317) according to the
manufacturer’s protocol. LentiX was allowed to produce lentivirus for 72 h prior to supernatant
collection, filtration through a 0.45uM filter and virus concentration using LentiX Concentrator
(Takara, #631231). Concentrated virus (MOI 10:1) was delivered to THP-1 with 8ug/mL
polybrene (Sigma, #107689) with centrifugation at 2200g for 1h at 22°C and incubated for 5 days.

Successfully transfected THP-1 cells are GFP-labelled, hence single-cell sorting into individual
96-wells was conducted on the BD FACSAria™ III sorter. Sorted clones were expanded in
culture for 3-4 weeks prior to DNA extraction and PCR screening for gene editing using primers
flanking the CRISPR guide region (Table 2). To validate gene editing, PCR products were
sequenced to check for exon deletions. Methods for CRISPR/Cas9 knockout are adapted from
Kumar et al., “NFxB-p65 - ATP13A2 axis mediated metabolic adaptation supports acute myeloid
leukaemia pathologies” (Submitted).
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For generation of GFP-tagged Kir4.2 overexpressing THP-1, pUC-KCNJ15Frag-Linker-GFP
was obtained and cloned into pENTR vector and then shuttled into lentiviral expression vector
via Gateway reaction as above. Following lentiviral infection, THP-1 cells were incubated for

48h, prior to selection with puromycin for successfully transfected cells.

2.7 siRNA gene silencing

For knockdown of HIF1a, THP-1 monocytes were seeded at a density of 0.6*10%mL in 2 ml
RPMI antibiotic-free complete RPMI in a 6 well plate. 40nM of negative control or HIF1a siRNA
(IDT, # hs.Ri.HIF1A.13.1) and 9uL Lipofecamine RNAimax (Thermo Fisher, #13778100) were
prepared in serum-free RPMI for transfection per well. siRNA-Lipofectamine mixture was
incubated at RT for 20 min before adding into each well. Cells were generally incubated for 24h

prior to harvesting for experiments.

For knockdown of ATGS5, gene silencing was done using Thermo Fisher neon transfection system.
5%10° THP-1 cells were re-suspended in 100ul of resuspension buffer and 50nM siRNA added
(Dharmacon, #M-004374-04-0005). Nucleofection was carried out using these transfection
condition: Voltage: 1150, Width: 30, Pulse: 2. After transfection, the cell suspension was added
to pre-warmed media in culture plate. H37Rv Mtb infection was performed 16 hrs post siRNA
transfection. Execution of some Mtb in vitro experiments were carried out in collaboration with

Surbhi Verma in the lab of Dr Dhiraj Kumar, ICGEB, New Delhi.

2.8 Inflammasome activation and enzyme-linked immunosorbent assay (ELISA)

THP-1 monocytes were seeded at a density of 1*10%/mL and treated with 1pg/mL LPS (O111:B4,
Sigma, #1.2630), or 1pug/mL Pam2CSK4 (Invivogen, #tlrl-pm2s-1) for 24h. Wells were harvested
and centrifuged to collect supernatant for ELISA. ELISA was carried out on cell supernatants,
serum (dilution 1:4) or lung homogenate samples (dilution 1:10). Samples were assayed
for cytokine levels using human IL-1f (Thermo Fisher, #88-7261-86) or mouse CCL2
(R&D Systems, #DY479) ELISA kits according to their respective manufacturer’s
protocols. Results were acquired on a Tecan Infinite Pro 200 Plate Reader using the Tecan

i-control™ software.

2.9 SDS-PAGE and Western Immunoblotting

Eukaryotic cells lysed in RIPA buffer were incubated on ice for 30 min, followed by

centrifugation and collection of supernatant for storage at -80°C. Protein was quantified using
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Pierce BCA Protein Assay Kit (Thermo Fisher, #23225). 20-50ug protein was prepared in 4X
Laemmli sample buffer (BioRad, #1610747) and loaded onto Mini-PROTEAN® TGX Stain-
Free™ Precast Gels (BioRad) and run at 120V. Stain-free gels were visualized using the
ChemiDoc Imaging System (BioRad) and transferred onto PVDF membranes. Membranes were
blocked in 5% BSA (Cell Signalling) with 0.5% Tween-20 in TBS (TBS-T) for 1h at RT. Primary
antibodies were then diluted in 5% BSA in TBS-T and incubated with membranes overnight at
4°C with agitation. Blots were washed thrice in TBS-T and incubated with secondary antibody
for 1h at RT. Blots were washed again and visualized with Luminata Forte Western HRP substrate
(EMD Millipore, #LUF0500). For phospho-proteins, membranes were blotted with anti-phospho-
antibodies diluted in 5% BSA in TBS-T, then total-protein antibodies followed by B-actin, with

stripping in between each step. Immunoblot antibodies used are listed below in Table 1.

Target (anti-) Company Catalog No. Dilution
KCNIJ15 (Kir4.2) Sigma HPA016702 1:800
KCNIJ15 (Kir4.2) Alomone Labs APC-058 1:800
B-actin Cell Signaling 4967 1:1000
Actin Abcam ab3280 1: 2000
pS6 Cell Signaling 4858 1:3000
S6 Cell Signaling 2217 1:1500
pmTOR Cell Signaling 2791 1:1000
mTOR Cell Signaling 2972 1:1000
pAkt Cell Signaling 4060 1:1500
Akt Cell Signaling 4961P 1:1000
LC3lI Cell Signaling 3868 1:1000
APAF-1 Cell Signaling 5088 1:1000
Anti-rabbit HRP Cell Signaling 7074 1:5000
Anti-mouse HRP Cell Signaling 7076 1:5000

Table 1. Antibodies used in western immunoblotting.

2.10 Quantitative Real-time PCR (RT-qPCR)

For RNA extraction, 80uL chloroform was added to 400uL. TRIzol cell lysate. The mixture was
centrifuged for 5 min at 4°C and aqueous layer extracted. One volume of 70% ethanol was added,
and the contents transferred to an RNeasy column from the RNeasy Mini Kit (Qiagen, #74106).
RNA clean-up was conducted according to the manufacturer’s instructions. Extracted RNA was
quantified on a Nanodrop 2000 (Thermo Fisher). For RT-qPCR of single-exon genes (i.e.
KCNJ15), RNAse-free DNAse Set (Qiagen, #79254) was used to remove gDNA contamination.
0.5-1pg of RNA was used for cDNA synthesis with iScript™ Reverse Transcription Supermix
for RT-qPCR (BioRad, 1708841) according to manufacturer’s instructions. Control samples
without addition of reverse transcriptase were included in the run to ensure gDNA contamination

did not confound the results. qRT-PCR was performed using iTaq™ Universal SYBR® Green
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Supermix (Biorad, #1725124) and run using Biorad CFX96™. Primers are listed in Table 2 and
human KCNJ15 targeting regions demarcated in Figure 9.

Gene F/R Sequence (5°-3°) Purpose
Human KCNJ15/Kird.2 | F CCCGGTGAGCCCATTTCAAATC RT-gPCR
Human KCNJ15/Kird.2 | R GACCAACTGAGCAACCAACAGG RT-qPCR
Mouse KCNJ15/Kir42 | F ACCCCGAGTCATGTCAAAGAG RT-gPCR
Mouse KCNJI5/Kir42 | R GCTTGTATCGCCACTTCATGT RT-gPCR
KCNJ15/Kir4.2 F CAAAGCCTCTGCTCCTCACTC Knockout validation
KCNJ15/Kir4.2 R GAGAAGTACAGGCAGGAGGATC | Knockout validation

Table 2. List of primers for RT-qPCR of KCNJ15. Primers for PCR validation of KCNJ15 knockout
and guideRNA sequences used for CRISPR-Cas9 knockout of KCNJ15.

2.11 Immunofluorescence and microscopy

Cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes and then washed twice with
1X PBS. The cells were then permeabilized with 0.2 % TritonX-100 for 15 min and subsequently
blocked in 3% BSA for 1 hr. Further, cells were incubated with primary antibody for 1-2 hrs and
washed twice with PBST. Later, cells were incubated with fluorescent tagged secondary antibody
for 1 hr. Where needed, Cells were stained with Hoescht 33342 (Invitrogen, #H21492) for 10 min
and washed. Cells were then mounted on glass slides using prolong gold antifade mountant
(Invitrogen, #P36930). On some occasions, cells were seeded into ibidi p-slides (Ibidi, #80607)
for imaging. Confocal imaging was done on an Olympus Fluoview FV1000 or Nikon Ti-E
microscope equipped with 60X/1.4 NA plan-apochromat DIC objective lens. The analysis was
performed on Imaris 9.6.1 imaging software or FIJI software. Antibodies and dilutions used in

staining are listed in Table 3.

For lysosome visualization, cells were stained live with 50nM LysoTrackerTM Deep Red
(Invitrogen, 1.12492). Cells were washed with PBS and stained with Hoescht 33342. Cells were

then washed and imaged.

Target (anti-) Company | Catalog No. Dilution

KCNIJ15 Sigma HPA016702 1:500

HIFla-Alexa Fluor488 Abcam ab208419 1:200

LC3B Novus NB100-2200 | 1:100
Biologicals

Anti-Rabbit Alexa Fluor 647 | Cell 4414 1:500
Signaling

Anti-rabbit Alexa Fluor 488 Invitrogen | A11034 1:400

Table 3. Antibodies for immunofluorescence staining.
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2.12 Wild-type (WT) and Kcnjl15%° mice

Kcnj15%° mice were generated in-house by in-vitro fertilization of C57BL/6 females with
Kcnjl1 559 sperm from MRC HarwellEMMA Strain Repository (Strain designation: B6;129P2-
Kenjl5tm1Dgen/H, EMMA ID: EM:02298). Offspring were genotyped for mutant strains by
PCR. Primers used are

1) 5 GGAAGATAGCATGGGGACACTCCTC 3°

2) 5 GGTGGGATTAGATAAATGCCTGCTCT 3’

3) 5 TTGCTGCCACCTTTGTGATGACCTG 3’
Both WT and Kcnj15%° mice used in experiments were derived from the same parental lineage.

For experiments, age and gender-matched mice were used between 8-12 weeks of age.

2.13 Mice BCG infection experiments and organ processing

Mice were infected with 1.5%10° CFU of BCG in 50uL PBS via the intra-tracheal route *%.
Briefly, mice were anaesthetized with isofluorane, suspended upright using a nylon string and
50uL of solution administered in the oral cavity with its tongue movement restricted using a pair
of forceps to prevent swallowing. The nasal passage was covered and mice were made to undergo
4-5 tidal breaths before returning to cages. At the appropriate timepoint, mice were euthanized by

CO; inhalation and left and right lungs, spleen, blood and hind legs were harvested where needed.

At specific time points post-infection, right lungs were processed for staining by cutting up into
fine pieces and incubating with 1.4 mg/ml Collagenase A (Roche, #110887930001) and 30 pug/ml

DNAse I (Sigma, #DN25) in complete RPMI for 1h at 37°C, followed by passing through a 70uM
cell strainer. Red blood cells were lysed with ACK lysing buffer (Gibco, #A1049201). Total lung
cells were re-suspended in 1mL media in preparation for staining. Blood was drawn from inferior
vena cava in EDTA-coated syringes and incubated in ACK lysis buffer on ice for 10 min, followed
by centrifugation at 300g for 10 min. Blood cells underwent a second red blood cell lysis step
prior to seeding for staining. Hind legs were stripped of skin and muscle to obtain clean femurs.
Femurs were cut on both ends and flushed with PBS with a 26G needle. Bone marrow was passed

through a 70uM cell strainer, and red blood cells lysed prior to seeding for staining.

Left lung and spleen were harvested in ImL PBS in gentleMACS™ M-Tubes (Miltenyi, #130-
093-236) and dissociated using a gentleMACS Dissociator (Protocol: RNA 02.01.). For CFU
enumeration, spleen and lung lysates were serially diluted in PBS and plated in triplicates on
7HI1 agar containing 100pg/mL ampicillin (Sigma, #A9518). Leftover lung lysate was
centrifuged and supernatant (lung homogenate) stored at -80°C for ELISA or Luminex Assay.
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Where serum was needed, blood was collected into uncoated Eppendorf tubes, centrifuged for 5

min at 8000 rpm, and serum collected and stored at -80°C.

2.14 Staining, flow cytometry and immune profiling

To assay for apoptosis in Chapter 3, 1*10° THP-1 monocytes (treated / untreated) were seeded in
96-U bottom wells. Cells were washed once in PBS, and then once in 1X Annexin V binding
buffer. Cells were then re-suspended in 50uL binding buffer and 2.5uL of Annexin V was added
into each well. Staining proceeded for 10 mins, and then cells were washed with binding buffer
and topped up to 100ul. 2.5uL propidium iodide was added to each well, and cells were acquired
immediately on a BD LSRFortessa™. All materials were part of the eBioscience™ Annexin V
Apoptosis Detection Kit APC (Invitrogen, #88-8007). For staining of THP-1 monocytes with lon
Potassium Green-4 (AM Salt) (ION Biosciences, #3021C), dye was dissolved in Powerload
Concentrate (Thermo Fisher, #P10020), and further diluted in serum-free RPMI containing
Probenecid (Thermo Fisher, #36400), to a final dye concentration of SuM. 1*10° cells were
stained in 50puL dye in 96-well plates for 1h at 37°C. For standard curve generation, cells were
treated with 50uM Amphotericin B (Sigma, #A9528) after staining and incubated for 10 min,
followed by spiking in serum-free RPMI containing a range of KCI concentrations. 10 min later,
fluorescence was acquired by flow cytometry on BD LSRFortessa™ using the FITC channel

without washing.

For immune profiling in mice in Chapter 4, all of cells harvested from blood, and 1/10™ of single-
cell suspension obtained from processing lungs and bone marrow was seeded into 96-U bottom
wells. Cells were washed in PBS once, then stained with LIVE/DEAD™ dye (Aqua Fixable Dead
Cell Stain Kit; Invitrogen, # 1.34957) at RT for 20 min. Live-dead stained cells were washed in
FACS buffer (1X PBS, 5SmM EDTA, 2% FBS) then blocked with anti-CD16/32 at 4°C for 15 min
and washed. Next, cells were stained with antibody cocktail containing Biotin-labelled antibodies
at 4°C for 25 min, followed by washing and staining with antibody cocktail containing antibodies
against extracellular markers at 4°C for 25 min. After a final wash, cells were fixed with 2% PFA
(Electron Micoscopy Sciences, #15710) for 15 min at RT, washed and re-suspended in FACS
buffer prior to acquisition on BD LSR II. Antibodies used for staining are listed in Tables 4-7 for
each staining panel. Gating strategies are shown in main figures. Compensation beads were
prepared using BD™ CompBeads Set Anti-Mouse Ig, k¥ and Anti-Rat/Hamster Ig, « (BD
Biosciences, #552843 and # 552845). Heat-killed cells were used as a positive control for viability
staining with LIVE/DEAD™ stain.
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Ab Labelling Isotype/Host Clone Cat No. Company Dilution
. Life
Live Dead Aqua AmCyan Technologies 1/1000
CD45 APC-Cy7 Rat IgG2b, 30-F11 103116 BioLegend 1/400
Ly6G PE-CF594 Rat 1A8 562700 BD Pharm. 1/400
Ly6C PE-Cy7 Rat IgG2c, « HK1.4 128018 BioLegend 1/640
CD11b BV605 Rat IgG2b, M1/70 101237 BioLegend 1/160
CD43 BUV737 Rat IgG2a, x S7 564398 BD Pharm. 1/400
MHCII (I-A/I-E) BV650 Rat IgG2b, M5/114.15.2 107641 BioLegend 1/320
CDl1c PE Armenian N418 117308 BioLegend 1/400
Hamster IgG
CD64 BVv421 Mouse 1gG1, X54-5/7.1 139309 BioLegend 1/50
F4/80 AF488 Rat IgG2a, x BMS 123120 BioLegend 1/200
PerCP- 45-0242- .
CD24 Cy5.5 Rat IgG2b, « M1/69 32 eBioscience 1/320
CD103 APC Armenian 2E7 121414 | BioLegend 1/80
Hamster IgG
CD45R (B220) Biotin Rat IgG2a, k RA3-6B2 13_345152_ eBioscience 1/400
L 13-5941- —
NK1.1 Biotin Mouse 1gG2a, « PK136 35 eBioscience 1/400
CD90.2 (Thyl.2) Biotin Rat IgG2a, 53-1.2 140314 BioLegend 1/400
Streptavidin BUV395 564176 BD Horizon 1/100
Table 4. Mouse lung myeloid staining panel and antibodies
Ab Labelling Isotype/Host Clone Cat No. Company Dilution
. Life
Live Dead Aqua AmCyan Technologies 1/1000
CD45 FITC Rat IgG2b, 30-F11 103107 BioLegend 1/400
Ly6G PE-CF594 Rat 1A8 562700 BD Pharm. 1/400
Ly6C PE-Cy7 Rat IgG2c, « HK1.4 128018 BioLegend 1/640
MHCII (I-A/I-E) BV650 Rat IgG2b, M5/1214' 5. 107641 BioLegend 1/320
CD11b BV605 Rat IgG2b, M1/70 101237 BioLegend 1/160
CD43 BUV737 Rat IgG2a, S7 564398 BD Pharm. 1/400
Armenian .
CDl11c APC-Cy7 Hamster [eG N418 117324 BioLegend 1/40
- 13-0452- L
CD45R (B220) Biotin Rat IgG2a, RA3-6B2 85 eBioscience 1/400
NK1.1 Biotin | MOUCIO2 1 prize | POM L eBioscience 1/400
CD90.2 (Thyl.2) Biotin Rat IgG2a, 53-1.2 140314 BioLegend 1/400
Streptavidin BUV395 564176 BD Horizon 1/100

Table 5. Mouse blood myeloid staining panel and antibodies
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Ab Labelling Isotype/Host Clone Cat No. Company Dilution
Live Dead Life
Aqua AmCyan Technologies 171000
CD34 FITC Rat 1gG2a, k RAM34 553733 BD 1/100
Pharmingen
FIt3 PE Rat IgG2a, « A2F10 135306 BioLegend 1/100
CD127 PE-CF594 Rat IgG2b, SB/199 562419 BD Horizon 1/100
CD150 PE-Cy7 Rat I[gG2a, A | TCI15-12F12.2 115914 BioLegend 1/400
PerCP-eFluor™ Armenian 46-0481- L
CD48 710 Hamster [gG HMA48-1 2 eBioscience 1/400
c-Kit Super Bright 62-1171- L
(CD117) 436 Rat IgG2b, « 2B8 2 eBioscience 1/400
Sca-1 BV605 Rat IgG2a, « D7 108134 BioLegend 1/400
CD11b BV650 Rat IgG2b, M1/70 563402 BD Horizon 1/400
MHCII BV711 Rat IgG2b, M5/114.15.2 563414 BD Horizon 1/400
CD41 APC Rat IgG1, x eBlOMgV Reg3 17'2‘2“ 1 cBioscience | 1/400
CD45 APC-Cy7 Rat 1gG2b, k 30-F11 557659 BD 1/400
Pharmingen
CD16/CD32 BUV737 Rat IgG2b, 24G2 565272 BD Horizon 1/400
CD45R - 13-0452- L
(B220) Biotin Rat IgG2a, RA3-6B2 85 eBioscience 1/400
NK1.1 Biotin Mouse lgG22, PK136 %11 eBioscience | 1/400

CD90.2 - .

(Thyl.2) Biotin Rat IgG2a, « 53-12 140314 BioLegend 1/400
Ly?gﬁ f‘ly)m Biotin Rat IgG2b, k RB6-8C5 108404 BioLegend 1/400
Streptavidin BUV395 564176 BD Horizon 1/100

Table 6. Mouse bone marrow progenitor staining panel and antibodies
Ab Labelling Isotype/Host Clone Cat No. Company Dilution
. Life
Live Dead Aqua AmCyan Technologies
CD45 APC-Cy7 Rat1gG2b,x | 30-FI1 | 557659 BD 1/400
Pharmingen
Ly6C PE-Cy7 Rat IgG2c, « HK1.4 128018 BioLegend 1/640
CD11b BV605 Rat IgG2b, M1/70 101237 BioLegend 1/160
. Super Bright 62- .
c-Kit (CD117) 436 Rat IgG2b, « 2B8 1171-82 eBioscience 1/400
FIt3 (CD135) PE Rat IgG2a, A2F10 135306 BioLegend 1/100
CD43 BUV737 Rat IgG2a, S7 564398 BD Pharm. 1/400
CXCR4 AF647 Rat IgG2b, L276F12 | 146504 BioLegend 1/200
Ly6G PE-CF594 Rat 1A8 562700 | BD Pharm. 1/400
CD45R (B220) Biotin Rat IgG2a, RA3-6B2 0 45:8 5 eBioscience 1/400
. Mouse 1gG2a, 13- L
NK1.1 Biotin ; PK136 5041-85 eBioscience 1/400
CD90.2 (Thyl.2) Biotin Rat IgG2a, 53-1.2 140314 BioLegend 1/400
Streptavidin BUV395 564176 | BD Horizon 1/100

Table 7. Mouse bone marrow monocytes staining panel and antibodies
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For experiments in Chapter 5, monocytes were seeded in 96-U bottom wells for staining. Where
applicable, cells were first stained with LIVE/DEAD™ dye (1:1000). Cells were stained with
MitoSOX Red (5uM) (Invitrogen, # M36008), CM-H2DCFDA (1uM) (Invitrogen, # C6827),
MitoTracker Green FM (50nM) (Invitrogen, #M7514), anti-human HIF1a-PE (1:10) (Biolegend,
# 359704), TMRM (1uM) (Sigma, # T5428) or DIBAC4(3) (1uM) (Invitrogen, # B438) and
acquired without fixation with the exception of HIFla staining. For intracellular staining of
phospho-proteins, cells were first stained with LIVE/DEAD™ stain, followed by fixation,
permeabilization and staining with the PerFix EXPOSE Phospho-Epitopes Exposure kit
(Beckman Coulter, # B26976) following the manufacturer’s protocol. Intracellular staining
antibodies include: anti-pS63%¥*°-V450 (BD Biosciences, #561457), anti-pAkt™**"*-V450 (BD
Biosciences, #560858) and anti-pmTOR****-AF647 (BD Biosciences, #564242). Samples were
acquired on a BD LSRFortessa™. All flow cytometry data was analysed using FlowJo Version

10.

2.15 Broncheoalveolar lavage (BAL)

Mice were euthanized by CO, inhalation and restrained on a Styrofoam platform. Mice were bled
by cutting the inferior vena cava to minimize bleeding in the cervical area. The thoracic cavity is
exposed without damaging the lung pleura and ribcage cut away to allow clear visual observation
of the lungs. The skin and muscle from the area surrounding the trachea area is removed as much
as possible until the trachea is well exposed. A 22G needle is used to create an opening in the top
part of trachea without damaging the trachea anywhere else. The needle is removed, and a 20G
flexible plastic catheter/gavage needle carefully inserted into the hole made by the needle. Using
forceps, a suture thread is passed under the trachea and secured around the catheter with a secure
double knot. 500uL of pre-warmed (37°C) sterile BAL buffer (containing 1X PBS, 0.5% FBS,
2mM EDTA,) is drawn into a 1mL syringe and flush into the lungs slowly. Lungs are massaged
with blunt forceps, then BAL fluid aspirated slowly into the syringe and collected in a 15mL tube.
Lavage procedure is repeated another 4-6 times, pooling the resulting BAL fluid. BAL fluid is
centrifuged and lysed of red blood cells if necessary. Resulting cells are counted and seeded in
complete RPMI in 6-well plates for 1h to allow AMs to adhere. Media containing non-adherent
cells are removed by washing with RPMI, then adhered AMs are lysed in TRIzol for RNA-
sequencing. Adherent cells resulting from BAL were validated by flow cytometry for expression

of CD45, CD64, CD11c and SiglecF to be AMs with >98% purity (Fig 10).
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Figure 10. Validation of BAL-harvested AMs by flow cytometry. Cells that are CD45", CD64*, CD11c*
and SiglecF" are considered AMs.

2.16 T cell re-stimulation assay

At 14 d.p.i, spleens were harvested and processed by dissociating through a 70um cell strainer,
followed by red blood cell lysis to obtain a single cell suspension. 1*10° spleen cells were seeded
in 96-wells with or without 40pug/mL of Tuberculin Purified Protein Derivative (Statens Serum
Institut, #DK-2300, Batch RT 50) for 20 h. Cells were then treated with GolgiPlug™ (BD
Biosciences, # 555029) at 1:200 dilution and Monensin (Biolegend, #420701) at 1:1000 dilution
for 4h. 50ng/mL PMA and 1pg/mL ionomycin (Sigma, #10634) were added to positive control
samples for 4h. Antibodies used for extracellular (EC) and intracellular (IC) staining are listed in

Table 8.

Ab Labelling Isotype/Host Clone Cat.-Nr. Company | Dilution

Live Dead AmCyan
CD45 (EC) | BUV 395 LOU/C, LOUM 30-F11 564279 BD 1/400

1gG2b,

CD3 (EC) FITC | Armenian Hamster IeG 21(4;? ) 100305 | BioLegend | 1/100

PerCP- .

CD4 (EC) Cy5.5 Rat IgG2b, GK1.5 100434 BioLegend 1/800
CD8a (EC) | APC-Cy7 Rat IgGaa, 53-6.7 100714 BioLegend 1/400
CD19 (EC) BV605 Rat [gG2a, A 6D5 115540 BioLegend 1/160

IFNy (IC) APC Rat IgGl, « XMGI1.2 505810 BioLegend 1/160
TNFa (IC) PE-Cy7 Rat/IgGl1, ;?262_ 25-7321-82 | Invitrogen 1/200

Table 8. Mouse spleen T cell re-stimulation assay extracellular and intracellular staining panel.

2.17 Seahorse XF extracellular flux assay (Mito Stress Test)

Seahorse Utility plate (Agilent, #103020-100) was hydrated overnight in a 37°C, non-CO;
incubator. Cell culture plate was coated with poly-L-lysine (Sigma, #P4832) for 10 min at room
temperature and washed once with PBS prior to seeding of cells. Isolated monocytes were left
uninfected or infected with BCG and treated with SmM or 60mM KCI1 for 24h, then harvested

and counted. Monocytes were then seeded at 3.5%10° per well in order to achieve confluence.
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Plated cells were starved in Mito Stress media (containing 1 mM pyruvate, 2 mM glutamine, and
10 mM glucose) in a non-CO; incubator for 1h before initiation of the Mito Stress test. Drugs
required for the Mito Stress test were prepared in the utility plate according to manufacturer’s
instructions. After calibration of utility plate, the culture plate was then loaded into the XF96
analyzer. The drugs injected were Rotenone (1.5uM), Oligomycin (0.5uM) and Antimycin A
(0.5uM) provided in the Seahorse XF Cell Mito Stress test kit (Agilent, # 103015-100).

2.18 Bulk RNA-sequencing and analysis

Total RNA was extracted from (i) uninfected human monocytes overexpressing KCNJ15
(KCNJ15°F) and control monocytes (Control°), (ii) uninfected and Mth-infetced human primary
monocytes treated or not with extracellular K7, (iii) AMs from uninfected and BCG-infected WT
or kenj15%° mice; following the double RNA extraction protocol. RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction (TRIzol) followed by a Qiagen RNeasy
Micro clean-up procedure. RNA was analyzed on Agilent Bioanalyser for quality assessment with
RNA Integrity Number (RIN) range from 7.5 to 10. cDNA libraries were prepared using 2 ng of
total RNA using the SMARTSeq v2 protocol *** with the following modifications: 1. Addition of
20 uM TSO; 2. Use of 200 pg cDNA with 1/5 reaction of Illumina Nextera XT kit. The length
distribution of the cDNA libraries was monitored using a DNA High Sensitivity Reagent Kit on
the Perkin Elmer Labchip. All samples were subjected to an indexed paired-end sequencing run

of 2x151 cycles on an [llumina HiSeq 4000 system (28 samples/lane).

Paired-end raw reads were mapped to either GRCh38 human genome build or GRCm38 mouse

365 366

genome build STAR aligner °*. Mapped reads were counted for genes using featureCounts
based on Gencodev3l (human) or GencodevM22 (mouse) gene annotation ¢, edgeR
Bioconductor package **® was used to calculate log2 transformed counts per million mapped read

(log2CPM) and log?2 transformed reads per kilobase per million mapped reads (log2RPKM).

Genes with log2CPM inter-quartile range (IQR) less than 0.5 across samples were removed from

2 3% was used for differential

subsequent differential expression gene (DEG) analysis. DESeq
expression gene (DEG) analysis. Genes with a Benjamini-Hochberg *”° adjusted P-values < 0.05

were considered as differentially expressed genes.
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2.19 H3K27Ac ChIP-sequencing and analysis

Uninfected and Mrb-infected human primary monocytes treated or not with extracellular K™ were
fixed with 2% PFA for 15 min, quenched with 125mM glycine followed by snap freezing.
Approximately 1-2*10° fixed human monocytes per sample were thawed on ice. Cell were lysed
for 30 min with 500pul FA cell lysis buffer (10mM Tris-HCI (pH 8), 0.25% Triton X-100, 10mM
EDTA, 100mM NacCl, Roche 1X Complete Protease Inhibitor) and nuclei were collected and re-
suspended in 100ul SDS lysis buffer (1% SDS, 1% Triton X-100, 2mM EDTA, 50mM HEPES-
KOH (pH 7.5), 0.1% sodium deoxycholate, Roche 1X Complete Protease Inhibitor). Nuclei were
lysed for 20 min and followed by sonication (PIP-450 watts, 30% Duty factor, 24 mins, 500
cycles/bursts) to fragment chromatin (Covaris E220). 5% of total nuclei volume was collected
and kept at 4°C for Input/control (no antibody). Protein-DNA complex were immune-precipitated
using 2.5 pg of H3K27ac antibody (Abcam, #ab4729) coupled to 30ul Protein G Dynabeads
(Thermo Fisher, # 10003D) overnight at 4°C. Beads were washed (0.1% SDS buffer, LiCl buffer,
and 1xTE buffer) and protein-DNA complexes were eluted using 200ul of elution buffer (1%
SDS, 10mM EDTA, 50mM Tris-HCI (pH 8)), followed by RNAse treatment (37°C, 2h), protease
treatment and de-crosslinking overnight at 68°C. DNA was transferred to MaXtract tubes
(Qiagen) for phenol-chloroform extraction and ethanol purification. Library preparation was
performed by NGSP (16 PCR cycles and size selection). In total 17 libraries including input were
pooled for sequencing at 1 lane Novaseq S4 (2x151 bp).

Sequencing reads were mapped against the reference genome (hg38 assembly, GRCh38) using
Bowtie2 *’' and were filtered for uniquely mapped reads and for blacklisted regions, which are
largely comprised of major satellite repeats that may indicate high signals for samples *"*. Peaks
were called separately on each of the biological replicate using MACS2 *”*. The extraction of a
set of unique genomic intervals (consensus peak set) and differential enrichment analysis to
identify sites that are significantly differentially bound between sample groups were carried out
with the package Diffbind *’* with the latter using edgeR. Peaks satisfying FDR<0.05 and absolute
Log2fold change > 1 were considered for further analysis. Annotation of peaks associated with
differentially acetylated sites was carried out next with genomation package *”> with the
gencode.v31.annotation.gtf and the genes fall within -100kb to +100kb range of each genomic
region were retained. There were some instances where multiple regions were mapped to the
same gene and for those the region with the most significant FDR was considered as the best

match for the gene. Mapped genes were then filtered out to extract protein coding genes.
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2.20 Multiplex Microbead-based Immunoassay (Luminex)

Mouse lung homogenates were collected for Luminex analysis using the Cytokine & Chemokine
36-Plex Mouse ProcartaPlex™ Panel 1A (ThermoFisher, # EPX360-26092-901). Samples were
incubated with fluorescent-coded magnetic beads pre-coated with respective antibodies in a black
96-well clear-bottom plate overnight at 4°C. After incubation, plates were washed 5 times with
wash buffer (PBS with 1% BSA (Capricorn Scientific) and 0.05% Tween-20 (Promega)). Sample-
antibody-bead complexes were incubated with Biotinylated detection antibodies for 1h and
washed 5 times. Subsequently, Streptavidin-PE was added and incubated for another 30 mins.
Plates were washed 5 times, before sample-antibody-bead complexes were re-suspended in sheath
fluid for acquisition on the FLEXMAP® 3D (Luminex) using XPONENT® 4.0 (Luminex)
software. Data analysis was done using Bio-Plex Manager™ 6.1.1 (Bio-Rad). Standard curves
were generated with a 5-PL (5-parameter logistic) algorithm, reporting values for both mean

florescence intensity (MFI) and concentration data.

2.21 Electrophysiology (Whole-cell patch clamp)

Whole-cell patch clamp experiments were performed by LKCMedicine-ICESing Ion Channel
Platform, Lee Kong Chian School of Medicine, Nanyang Technological University. Patch clamp
buffer solutions were prepared accordingly: Extracellular solutions (115 mM NaCl, | mM MgCl,,
2 mM CaCl,, 10 mM Glucose, 10 mM HEPES) containing 5, 50 or 160mM [K']. by varying
KCl, pH=7 adjusted with HCI. Intracellular solutions ( 115 mM K-Aspartic, 20 mM KCI, 1 mM
MgCl,, 5 mM EGTA, 10 mM HEPES, 2 mM Na,ATP) , pH adjusted to pH= 7, 6, 5, 4 with HCI.
Cells were centrifuged at 100 rpm for 3 min. Cell pellet was re-suspended in 1 mL extracellular

solution for patch clamp recordings.

Whole-cell patch clamp experiments were performed on a QPatch HTX automated
electrophysiology platform (Sophion Biosciences) using disposable 48-channel chip plates (Cat
No: SB2040). Cell positioning and sealing parameters were set as follows: positioning pressure -
70 mbar, minimum seal resistance 0.1 GQ, holding potential -90 mV, holding pressure -20 mbar.
Suction pulses were added with increased amplitude until whole-cell configuration was achieved.
Following establishment of the whole-cell configuration, cells were held at =75 mV. Prior to test
article addition, cells were treated with a period of saline to determine the baseline response. Each
cell acted as its own control. Currents from each liquid period were recorded multiple times. All
tests were performed at RT. The Kir4.2 currents were recorded at holding potential of -75 mV,
then ramped from —120 mV to 120 mV over 200 ms, and then stepped back to holding potential,

every Ss interval.
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The following criteria were used to determine data acceptability: 1) Membrane resistance (Rm) >
200 MQ. 2) Pre-compound baseline current > 0.3 nA. 3) No apparent rundown or run-up at the
end of vehicle period. 4) No apparent leak or stable leakage current, <25% peak current at holding
potential. Inward current amplitudes (pA) recorded at -100 mV were measured using Sophion
Qpatch Assay Software 5.6. Last 3 sweeps of peak current amplitudes were averaged and used

for data analysis.

2.22 Electrophysiology (Lysosomal patch clamp)

Lysosomal patch clamp experiments were performed by the Electrophysiology Core@NUS
Medicine (Centre for Life science, NUS). The method has been described previously ***. Briefly,
Control®® and KCNJ15°F THP-1 cells were treated with 1 uM vacuolin-1 overnight prior to patch-
clamp recording. The lysosomes are patched with internal solution containing 145mM K-
methanesulfonate, SmM KCI, 10mM HEPES (pH 7.2). The pipette solution contained 145mM K-
methanesulfonate, SmM KCI, 10mM MES (pH 5.5). The potassium current was further inhibited
upon perfusion with external NMDA solution containing 145mM NMDG, 5SmM KCI, 10mM
HEPES (pH 7.2). The net potassium current was obtained by subtracting the peak currents before
and after perfusion of NMDA solutions at -100 mV. The current density was obtained by

normalizing the net potassium current over the capacitance of lysosome.

2.23 Mtb-infection of mice maintained on custom K" diets

Teklad murine diets are customized by Envigo. Normal K" diet contained 0.5% K" and High K*
diet contained 5% K™ (#TD.130041 and #TD.07278 respectively). Normal K" diet contained the
same amount of K" as standard chow, whereas high K" diets contained an addition of a 1:1:1 ratio

of potassium chloride, potassium citrate, and potassium carbonate.

Mtb infection mice experiments were carried out in the Tuberculosis Aerosol Challenge Facility
(TACF, ICGEB, New Delhi, India). After 3 days of diet initiation, mice were subjected to aerosol
challenge with 200 CFU in a Wisconsin-Madison chamber according to the standardized protocol
(200 million H37Rv-Zurich bacilli in 15 ml sterile saline was poured into the nebulizer for 20 min
exposure time). To check for infection establishment, two mice were selected randomly and
euthanized 24h post-aerosol infection. Lungs were aseptically harvested and homogenized in 2
mL 1X PBS, and 100ul of neat lung homogenate was plated on 7H11 agar plates to enumerate
CFU in lung.

Infection proceeded for 15 days, after which, mice were euthanized and organs harvested. Left

lung was homogenized and serially diluted and plated as above for CFU enumeration. Right lung
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was processed as stated in Section 2.13 and stained as stated in Section 2.14 for myeloid immune
profiling. Middle lobe of right lung was kept in 10% neutral buffered formalin for histopathology

analysis.

2.24 Histopathology and IPG-4 staining of tissues

IFNy-deficient mice were infected with 1.5* 10° BCG CFU via intra-venous delivery for 6 weeks,
then euthanized and liver was harvested. Liver lobe was immediately flash frozen in OCT reagent
and stored until cryo-sectioning. Cryo-sectioned samples were stained with hematoxylin and
eosin, or Ion Potassium Green-4 (IPG-4) (Ion Biosciences, # 3023C) K indicator in PBS for 1h
at 37C, rinsed off with PBS, coverslipped and imaged on EVOS FL Auto 2 on GFP channel at
40-400X magnification.

For K" diet experiments, right middle lung lobe was collected as stated above in Section 2.23.
Parffinized sections were sectioned onto glass slides and deparaffinized in 3 xylene washes (5
min each) and then rehydrated in descending grades of alcohol (absolute alcohol, 90% and 70%)
followed by 1 wash in water, 5 min each. Slides were then stained with haematoxylin for 5-10
min and washed with water. Slides were next stained with Eosin for 5-10 min and washed with
absolute alcohol followed by xylene. Slides were mounted with coverslip and sealed with DPX
mounting medium. Execution of Mtb-infected mice experiments were carried out in collaboration

with Priya Sharma in the lab of Dr Dhiraj Kumar, ICGEB.

2.25 Zebrafish husbandry and M. marinum infection

Zebrafish embryos were produced by natural spawning in the Centenary Institute aquarium under
Sydney Local Health District Animal Welfare Committee approval 17-036. Embryos were raised
at 28°C in E3 supplemented with methylene blue for the first day, then dechorionated and
transferred into E3 supplemented with 20 pg/ml 1-phenyl-2-thiourea to inhibit pigment

formation.

48h post fertilisation zebrafish embryos were infected with approximately 200 CFU M. marinum
M strain carrying the pTEC27/msp12:tdTomato plasmid (Addgene #30182, gift from Prof. Lalita
Ramakrishnan, University of Cambridge, UK) by microinjection into the caudal vein (CV) or

neural tube (trunk) *7°.
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2.26 Zebrafish staining with IPG-4 and imaging

ION Potassium Green 4 (IPG-4) TMA salt was dissolved in water to a final concentration of 5
mg/ml and 10 nl was injected into the caudal vein or dorsal aorta of zebrafish larvae. IPG-4
injected animals were imaged on a Leica M205FA using a GFP filter set to collect IPG-4
fluorescent signal and a Cy3 filter set to collect M. marinum-TdTomato fluorescent signal. Images
were analysed for IPG-4 fluorescence intensity at granulomas, unaffected somatic tissue
(background), and the dorsal aorta (vascular baseline fluorescence) in Image] using the
“Measure” function and recording the “Maximum” value in arbitrary fluorescence units.
Fluorescence above background was calculated by subtracting unaffected somite fluorescence
intensity from granuloma fluorescence intensity. Granulomas were scored for necrosis on the

basis of containing extracellular bacteria.

2.27 Quantification of supernatant K" concentration

Monocytes or MDMs were re-suspended in 50-75ul RPMI at different cell concentrations. Cells
were subject to two freeze-thaw cycles at -80C and checked under the microscope to verify
complete cell lysis. Tubes were centrifuged at maximum speed to pellet cell debris and
supernatant was collected. [K'] in lysed cell supernatants was measured using a HORIBA
LAQUAtwin K-11 pen meter according to the manufacturer’s instructions. Briefly, the meter is
calibrated and then 50ul of supernatant is placed onto a sample sheet laying on the electrode,
allowing [K"] to be measured. Data was calculated and represented as [K'] in supernatant elicited

by the lysis of varying cell numbers in a fixed S0pL. RPMI.
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Chapter 3: Characterizing the regulation and function of KCNJI5 in THP-1

monocytes in infection and inflammation

3.1 Mycobacterial infection induces TLR2-dependent KCNJ15 expression in monocytes

and macrophages

Epigenetic analysis by H3K27ac ChIP-sequencing determined that the gene locus KCNJI5 was
significantly enriched among differential acetylated peaks in human blood monocytes of ATB
patients, which was indeed corroborated with its increased differential expression at the
transcriptomic level by RNA-seq analysis (Fig 11A) ?'". In order to ascertain that mycobacterial
infection indeed induces expression, monocytes and macrophages were infected with BCG or

Mtb, and assessed at the transcriptomic and protein level for KCNJ15.
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Figure 11. KCNJ15 expression is induced in monocytes and macrophages in response to Mtb/BCG-
infection.

A) KCNJ15 expression levels from RNA-sequencing of monocytes of healthy controls vs active TB patients
from a Singapore cohort. Each dot represents n=1 donor. Red line represents median. Methods have been
described in del Rosario et al. 2'' B) Relative expression of human KCNJI5 by RT-qPCR of 24h BCG-
infected THP-1 compared to uninfected cells. C) Western immunoblot of Kir4.2 protein from uninfected
and 24h BCG-infected THP-1. Numbers represent densitometric analysis for each band size relative to
uninfected cells. Representative blot from n=2 experiments is shown. D) Relative expression of human
KCNJ15 from THP-1 monocytes infected with Mrb and harvested after the indicated timepoints, compared
to uninfected cells (n=2 experiments). E) Relative expression of human KCNJ15 by RT-qPCR of 24h BCG-
infected human MDMs to uninfected cells (n=3 donors). F) Relative expression of mouse KCNJ15 by qRT-
PCR of 24h Mtb-infected wild-type (WT), Tlr2"- or Tlr4” J2 macrophages. G) Relative expression of
mouse KCNJ15 by qRT-PCR of 24h Mtb-infected WT and MydS88/Trif” bone marrow-derived
macrophages (BMDM). Data in A and B was analyzed by Unpaired #-test. Data in D was analyzed by One-
way ANOVA. Data in E was analyzed by Mann-Whitney test. Data in F and G were analyzed by Two-way
ANOVA. Bar graphs represent Mean + SD. All experiments were conducted thrice unless otherwise stated.
Knockout cell line and BMDM experiments (F and G) were conducted in collaboration with Lorissa
Smulan, Dr Hardy Kornfeld Lab, UMass Chan Medical School.
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We found that mycobacterial infection with BCG at MOI 5:1 clearly induces the (i) mRNA
expression of KCNJ15 in THP-1 monocytes by RT-qPCR, and (ii) protein expression of Kir4.2
by western immunoblotting (Fig 11B, C). Infection of human primary CD14" monocytes with
Mtb also led to the increased expression of KCNJ15 mRNA as early as 3h post-infection, which
was reduced gradually up to 72h (Fig 11D). A similar phenomenon was also observed when
human CD14" monocyte-derived macrophages (MDMs) were infected with BCG. Notably, in
these primary human MDM cultures, non-virulent BCG infection was able to induce a notably
high level of KCNJI15 mRNA with a fold change of up to 20 times although there was significant

donor-to-donor variation (Fig 11E).

In particular, western immunoblotting for Kir4.2 protein in BCG-infected THP-1 cells revealed
increased protein expression of endogenous Kir4.2 found at both ~37kDa and~ 27kDa (Fig 11C).
Prediction of Kir4.2 protein size is estimated at 42.5kDa. However, Ensembl CCDS records has
identified various splice variant transcripts, one of which comprises 245 amino acids and its size
is estimated to be 27.3kDa *”". It is possible that THP-1 monocytes express this splice variant of
KCNJ15 endogenously as a 42.5kDa band is not typically detected. Moreover, Kir4.2 has not
been widely studied at the protein level, therefore antibodies cross-reactivity could also be a
confounder. Since KCNJ15 is upregulated upon mycobacterial infection, we examined if its gene
expression is dependent on signaling induced via host PRRs, such as through TLR2 and TLR4.
Lipoproteins and lipoglycans from Mtb cell wall are known to engage TLR2 whereas exact
agonists of TLR4 remain unclear, although TLR4 signaling indeed plays a role in innate signaling
in response to Mtb infection *7* 373 Using mouse macrophage J2 cell line with gene knockout
of Tir2 or Tlr4, it was demonstrated that both 77r2 and T/r4 knockout abrogated the M¢b-induced
increase in mRNA expression of Kcnjl5, although the inhibition by Tlr2 knockout was more
significant (Fig 11F). Indeed, Mtb infection of bone marrow-derived macrophages (BMDM)
derived from Myd88/Trif” mice also abrogated induction (Fig 11G), indicating that the Myd88
signaling pathway, which exists downstream of TLR2 and TLR4 signaling, is required for the
induction of KCNJ15 expression.

In summary, KCNJ15 expression is increased upon mycobacterial infection of monocytes and
macrophages and is likely dependent on the TLR2-Myd88 signaling pathway. In order to study
the functional role of KCNJ15 in human monocytes and macrophages, we proceeded to generate

KCNJ15 gain and loss-of-function THP-1 cell lines.
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3.2 Generation of KCNJ159F overexpression THP-1 cell line

We generated THP-1 monocytes overexpressing KCNJI5 using a lentiviral overexpression
system. Briefly, KCNJ15 cDNA was cloned into an overexpression entry vector plasmid and then
recombined into the lentiviral overexpression plasmid. Lentivirus were generating by transfection
in HEK293 cells, and subsequent lentivirus obtained were used to transduce THP-1 cells. Cells

carrying the KCNJ15 overexpression (viz. KCNJ15°%) were selected using antibiotics (Fig 12A).

KCNJ15°F THP-1 cells were validated for expression of KCNJ15 by both RT-qPCR and western
immunoblotting (Fig 12B, C). When Kir4.2 was visualized by immunofluorescence staining,
increased plasma membrane expression of the channel was observed (Fig 12D). Notably, we also
observe fluorescent puncta within the overexpressing cells. This may suggest that Kir4.2 is
heavily accumulated on the membrane of organelles such as the Golgi apparatus or lysosome or
that high overexpression levels may induce protein aggregation within the cell. Indeed, the
overexpression plasmid did induce a >10,000-fold induction of KCNJI5 mRNA (Fig 12B).
Despite this, KCNJI15°F THP-1 cells do not appear to have a perturbed in vitro growth profile
when compared to THP-1 transduced with only empty overexpression vector (Control°F) (Fig

12E).

We next attempted to assess if the overexpressed Kir4.2 in THP-1 were functionally active and
capable of transporting K ions. In order to detect intracellular levels of K" ions, we used an
intracellular K™-binding fluorescent dye, Ion Potassium Green-4 (IPG-4, AM salt). Using a
standard curve generated by treatment of cells with pore-forming Amphotericin B alongside
spiking in of K* (Fig 12F left graph), we found that IPG-4 stained KCN.J15°F THP-1 appeared to
have some degree of increased intracellular K™ (Fig 12F right graph). Electrophysiological studies
of these KCN.J15°F THP-1 by whole-cell automated patch clamp validated that increased Kir4.2
expression resulted in an elevated inward current at 50mM extracellular K (Fig 12G). At
physiological levels of 4.5mM extracellular K*, however, we saw no differences in inward current
of KCNJ15°F cells. Instead, the maintenance of a higher intracellular K" may be attributed to

5OE

reduced outward current in KCNJI cells. Expectedly, we also noticed variations in both

expression of channel (Fig 12D) as well as inward current (Fig 12G) in individual KCN.J15°F
THP-1 cells. This is likely due to varying copy numbers of lentiviral overexpression vectors
transduced into individual cells, resulting in heterogeneous induction of KCNJ15. Nonetheless,

the overexpressed cell line remains a useful tool for evaluation of the functional role of KCNJ15.
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5OE

In summary, we determined that KCNJI THP-1 carry an excess of functional inwardly

rectifying Kir4.2 K* channels on the plasma membrane, allowing us to use these cells for further

dissection of channel function during mycobacterial infection.
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Figure 12. Generation and validation of KCNJ15°E THP-1 cell line.

A) Workflow for generating THP-1 overexpressing KCNJI5 via lentiviral overexpression system. B)
Relative expression of human KCNJ15 by qRT-PCR of Control°t and KCNJI15°F THP-1 monocytes. C)
Western immunoblot of Kir4.2 protein from WT, Control°® and KCNJI5°E THP-1 monocytes. D)
Immunofluorescence of Kir4.2 staining of Control° and KCN.JI5°E cells. Mean fluorescence intensity per
cell was calculated using ImageJ (N=35 cells each). E) Growth curve of Control°® and KCNJI5°E cells
monitored over a 7-day period without subculturing. F) Intracellular K" concentrations in Control®F and
KCNJI5CF cells at steady-state measured using intracellular IPG-4 (AM salt) K* indicator, quantified
against standard curve (left) generated by spiking of various KCI concentrations alongside Amphotericin
B treatment (n=2). G) Patch clamp recordings of THP-1 Control°® and KCNJI5°E cells using a ramp
protocol from -120 mV to 120 mV in 200 ms showing currents elicited at 4.5, 50 and 160 mM [K']e.
Average current amplitude recorded at -100 mV in 50 mM [K*]e is shown in bar graph (right) comprising
n=7 and 13 cells for Control®® and KCNJ15°F respectively (n=2 experiments). Data in B, F and G are
analysed by Mann-Whitney T-test. Mean + SD are represented. Whole-cell patch clamp experiments were
conducted in collaboration with Dr Ong Seow Theng, LKCMedicine-ICESing Ion Channel Platform.
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3.3 Generation of KCNJ15%° THP-1 cell line using CRISPR-Cas9 system

We subsequently used the CRISPR/Cas9 system to knock out KCNJ15 and generated a loss-of-
function THP-1 cell line. We employed a paired guide RNA (pgRNA) library strategy, which was
used to effectively generate various gene knockouts in THP-1 and U937 cell lines (Fig 13A).
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Figure 13. Generation and validation of KCNJ15%° THP-1 cell line.

A) Workflow for generating CRISPR/Cas9 knockout of KCNJ15 in THP-1 monocytes via lentiviral system.
B) PCR screening of regions flanking targeted CRISPR sites in comparison to WT. Potential knockout
Clone #8 is boxed in red. C) Sequence alignment of knockout Clone #8 to reference sequence of the same
region. Red areas signify regions of mismatch. D) Western immunoblot of Kir4.2 protein from WT,
Control®© and KCNJ15%° (Clone #8) THP-1 cells uninfected or infected with BCG for 24h. Numbers
represent densitometric analysis of Kir4.2 protein relative to WT uninfected sample.

However, after several rounds of gene editing and screening > 100 clones, which were derived
from sorted single cells, we were only able to generate a heterozygous knockout clone (Clone #8,
henceforth termed as KCN.J15%°), as observed by the two bands obtained from PCR screening
indicating that the two alleles were differentially edited (Fig 13B). Sanger sequencing of the
extracted PCR bands, however, showed that a significant 300-400bp deletion had occurred (Fig
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13C). Despite this, western immunoblotting for KCNJI5 protein revealed that although the
KCNJ15%C cells expressed less KCNJI5 at steady state, its expression was still upregulated after
BCG infection of 24h (Fig 13D). Intracellular K* could not be quantified as KCNJI5%° CRISPR-
edited cells constitutively expressed GFP, used for sorting, while IPG-4 has similar fluorescence
properties. Nonetheless, this heterozygous knockout clone was used in conjunction with
KCNJ15°F for subsequent assays in an attempt to understand the function of KCNJ15 channel in

monocytes.

3.4 KCNJ15 is sensitive to intracellular pH and can localize to the lysosome

In our study we observed co-localization of Kir4.2 to BCG-containing lysosomes (Fig 14A) ',

Lysosomal localization of Kir4.2 may be attributed to its three lysosomal-targeting dileucine
motifs (“DGIYLLY, *ESPFLI**’ and ***ELRTLL*®). However, as patch clamp of wild-type
THP-1 revealed little inward current compared to that of KCNJ15°F THP-1 (Fig 12G), it would
be difficult to determine if lysosomal-localized endogenous Kir4.2 are functional and participate
in lysosomal physiology. Therefore, we examined the localization and functionality of Kir4.2 on
lysosomes using KCNJ15 overexpressing cells. THP-1 carrying overexpression of Kir4.2 tagged
to GFP were generated for ease of visualization. Staining of Kir4.2-GFP THP-1 cells with
LysoTracker Deep Red showed some co-localization of Kir4.2 channels to the lysosome at steady

state (Fig 14B, in yellow).

In order to assess if lysosomal Kir4.2 are functional, lysosomal patch clamp recording *** was
conducted on KCNJI5°F cells. Indeed, KCNJ15°F lysosomes were found to exhibit higher
outward current at -100mV compared to Control® cells, which was inhibited by N-methyl-D-
glucamine (NMDG), a blocker of voltage-gated K™ channels (Fig 14C, D). While whole-cell patch
clamp showed increased inward current in KCNJI15°F cells (Fig 14E), it is expected that the
current direction would be reversed in the context of lysosomal channel since channel orientation

would be reversed when internalized during phagocytosis (Fig 42).

Optimal function of lysosomal enzymes is thought to occur at lower pH, and Kir4.2 has been
implicated in co-regulating acid secretion in gastric cells, together with H'/K* ATPase 2. Some
Kir channels are pH sensitive, a feature depending on a highly conserved lysine residue at the N-
terminus '*’. Furthermore, additional pH sensitivity of Kir4.2 has been attributed to an extra pH-
sensing mechanism located at the C-terminus *** **!. Since both N and C-termini of plasma
membrane Kir channels are on the cytoplasmic side, we examined the effect of varying
intracellular pH levels on inward current in KCNJI5°F cells. Unexpectedly, we observed an
increase in inward current at -100mV as intracellular pH decreased from 7 to 6 in KCN.J15°F cells

(Fig 14F). This is opposite from the expected outcome, which is the typical inhibition of channel
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function at lower pH **"**2. To note, cells were highly unstable when intracellular pH 4 was
applied, leaving only n=1 cell in this group. We then also examined the effect of varying
extracellular pH, which revealed that KCNJI5°F inward currents increased when extracellular pH
decreased from 7 to 4 (Fig 14G). Interestingly, the extracellular facing portion of Kir4.2 would
be facing the lysosomal lumen in an endolysosomal context (Fig 42). H-ATPases actively
transport H' into the endolysosome, hence we surmise that Kir4.2 may promote K transport out
of the lysosome to the cytosol as H' enters the lysosome, acidifying it. In this way, K" efflux acts

as a counterion for positively charged H' to enter.
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Figure 14. Kir4.2 forms functional channels on lysosomes and is sensitive to intracellular pH.

A) 3D projection of a THP-1 monocyte infected with mCherry-BCG (red), stained with LysoTracker Red
(cyan) and Kir4.2 (green). The images were acquired 24 hr post infection by 3D-SIM. Scale bar 2 um.
Methods are described in del Rosario et al. ?!!. B) Confocal microscopy image of THP-1 overexpressing
Kir4.2 tagged with GFP and stained with LysoTracker Deep Red. Colocalized regions of Kir4.2 and
lysosomes are shown in yellow. Images acquired at 400X. C, D) Lysosomal K' currents from
endolysosomal patch clamp of Control°® and KCNJI5°% THP-1 cells. E) Lysosomal current density
quantified at 100mV (Red arrows in C, D). F) (Top) Exemplar KCN.J15°% THP-1 inward current traces and
(bottom) peak inward current amplitude at -100mV at varying intracellular pH normalized to that of pH 7
at 50mM [K*]e, (n>5 cells, pH 4 has only n=1 cell data due to cell instability). G) (Top) Exemplar KCN.J15°E
THP-1 inward current traces and (bottom) peak inward current amplitude at -100mV at varying
extracellular pH normalized to that of pH 7 at 50mM [K*]e (n=6 cells each). Data in E was analysed by
Unpaired T-test. Data in F and G was analysed by Friedman test and Kruskal-Wallis test respectively. Mean
+ SD are represented. Whole-cell patch clamp experiments were conducted in collaboration with Dr Ong
Seow Theng, LKCMedicine-ICESing Ion Channel Platform. Endolysosomal patch clamp experiments were
conducted in collaboration with Dr Huang Hua, National University of Singapore.

In summary, we found that Kir4.2 is sensitive to intracellular and extracellular pH, and co-
localizes to the lysosomes where it can function in K™ transport, presumably to facilitate

endolysosomal acidification.

3.5 Gain and loss-of-function of KCNJI15 in THP-1 and its effect on controlling

mycobacterial growth

We next examined the role of KCNJI5 on intracellular mycobacterial growth. Infection of
KCNJI5°F cells with Mtb yielded no improvements in bacterial growth after 48h (Fig 15A).
However, infection with BCG instead showed some indication of bacterial growth restriction
which persisted till 72h (Fig 15B). On the contrary, KCNJI15%° cells did not show increase in
BCG growth (Fig 15C), which may be explained due to its heterozygosity and enduring ability to
upregulate KCN.J15 upon mycobacterial infection (Fig 13D). Naturally, Mtb is significantly more
virulent than its attenuated counterpart, BCG, which may explain why THP-1 KCN.J15°F cells are
able to better control infection of BCG than that of Mtb. The differences between KCN.J15°F and
KCNJ15%° in their ability to control BCG infection were not attributable to altered phagocytic
capabilities as uptake of BCG at 3h for both cell lines were equal (Fig 15D). However, we did
previously observe that primary monocytes with lentiviral-mediated overexpression of KCNJ15
was able to better restrict Mtb growth (Fig 15E) *'!, although this effect was much less pronounced
in an overexpressing THP-1 cell line. This data indicates that KCNJ15/Kir4.2 expression might
be associated with an enhanced control of mycobacterial growth that may depend on the monocyte

cell type/state.
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Figure 15. Overexpression of KCNJ15 improves control of intracellular mycobacterial growth in
monocytes.

A) Mtb growth in Mtb-infected THP-1 at 0, 24 and 48h post-infection (n=2). CFU fold change of BCG
growth in B) KCNJI5°F and C) KCNJI5%° THP-1 at 24, 48 and 72h post infection in comparison to
controls. D) Percentage uptake of mCherry-tagged BCG into KCNJ15°F and KCNJ15%° THP-1 monocytes
at 3h post infection detected by flow cytometry. Data is gated on live cells. E) CFU fold change of Mth
growth in human primary monocytes overexpressing KCNJ15 (KCNJI15°F) or transfected with empty
vector (Control®F) at 24h post infection (n= 4 donors) 2!!. Data in A, B and C were analyzed by Two-way
ANOVA. Data in D and E were analyzed by Mann-Whitney test 2!!. Bar graphs represent Mean + SD. All
experiments were conducted thrice unless otherwise stated.

3.6 Overexpression of KCNJ15 enhances inflammasome response to TLR agonists and

mycobacterial infection

Like several intracellular bacterial pathogens, mycobacterial infection invariably results in the
engagement of various PRRs on immune cells and non-immune cells alike. Mycobacteria carry
numerous PAMPs which engage monocytes/macrophages through various PRRs such as TLR2,
TLRY and C-type lectin receptors *’*** Engagement of TLR receptors often leads to downstream
signal transduction that initiates the expression of NF-kB family of transcription factors (TFs),
and this is often recognized as Signal 1 in the 2-step process leading up to NLRP3-mediated
inflammasome activation ***. As mentioned previously, reduced intracellular K* caused by rapid
K" efflux is a common trigger in many scenarios leading to NLRP3 activation. TWIK2 and Kir6.2
have prior been implicated in modulating inflammasome activation and thus, we hypothesized
that Kir4.2 channel might play a similar role %%, Indeed, KCN.J15°F THP-1 monocytes, which
have increased intracellular K* pool (Fig 12F), when stimulated with either LPS (TLR4 agonist)
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or Pam2CSK4 (TLR1/2 agonist) or infected with BCG, trended towards higher IL-1f secretion a
marker of NLRP3 activation **°, compared to Control°F cells (Fig 16A, B).
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Figure 16. hIL-1p production is enhanced in BCG/TLR-stimulated KCNJ15°F cells but dampened in
KCNJ15%° THP-1.

Analysis of hIL-1f in cell culture supernatant from LPS (1pg/mL) or Pam2CSK4 (1pg/mL) treated A)
KCNJI15°E and C) KCNJ15%° THP-1 monocytes as well as from BCG-infected B) KCNJI5°F and D)
KCNJ15%9 THP-1 monocytes collected after 24h of infection or treatment. Respective control cells have
been included. Each paired dots represents one independent experiment, average value from that
experiment has been plotted. Data in A-D was analyzed by Two-way ANOVA.

On the other hand, KCNJ15%° THP-1 cells (heterozygous knockout, see Section 3.3) showed
marked reduction in IL-1B production when stimulated with LPS or Pam2CSK4 (Fig 16C) or
infected with BCG (Fig 16D). THP-1 monocytes of human origin do not require a second signal
from DAMPs to initiate inflammasome activation, hence TLR agonist treatment alone was
sufficient to elicit IL-1B induction **. To explain why KCNJ15%° cells showed a drastic reduction
of inflammasome response although KCNJI5 expression was shown to still accumulate post-
infection (Fig 13D), we could surmise that KCNJI5 expression takes time to accumulate while
inflammasome activation is a much quicker event given that cells already endogenously express
NF-«B factors which, at steady-state, are maintained in the cytoplasm in an inactive state via [xB

7 During TLR-mediated signaling IkB kinases can be phosphorylated by the IKK

kinases
complex and be degraded quickly, thus allowing nuclear translocation of NF-xB TFs ***. Of note,
due to time constraints, further study into the inflammasome activation aspect of KCNJ15/Kir4.2

has not been investigated here (see Chapter 6).
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3.7 Transcriptomic analysis of human primary monocytes overexpressing KCNJI5

suggests a role in apoptosis induction

To explore potential pathways by which KCNJ15 may exert its anti-mycobacterial property, we

5OE

overexpressed KCNJ15 in human primary CD14" monocytes (KCNJ15°"-mono) and analyzed

5% mono to

their gene expression by RNA-seq. Under naive conditions, comparing KCNJI
Control®®-mono cells revealed only 25 significant DEGs (FDR <0.05, Table 9). Certainly, the
transcriptomic data might have been more informative if M#b/BCG-infected samples had been
included. Nonetheless, we examined these 25 genes and noticed that genes associated to pro-
apoptotic pathways were upregulated (FANCI, CCDC180), whereas genes associated with anti-
apoptotic outcomes were downregulated (CCNDI, PRSS23, FSTLI) in KCNJ15°-mono (Fig

17A). This suggested that KCN.J15 might have a role in the induction of apoptosis.

Apoptosis has been demonstrated to be one method by which cells can circumvent infection by
intracellular pathogens, by limiting their replication niche while also recruiting surrounding
phagocytes to clear apoptotic cell remnants *** ** 3! We thus assayed for apoptosis using
Annexin V and propidium iodide (PI) staining in uninfected and BCG-infected KCN.J15°F and
KCNJ15%° THP-1 cells. At 24h post infection BCG-infected KCN.J15°F THP-1 cells had higher
proportion of early apoptotic (Annexin V'PI') cells (Fig 17C, D). Conversely, BCG-infected
KCNJ15%° THP-1 cells had significantly higher late apoptotic cells (Annexin V'PI", Fig 17C, E).
No clear differences were observed in percentage of necrotic cells in either of BCG-infected

KCNJ15°% or KCNJ15%° THP-1 cells (Fig 17C-E).
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Figure 17. KCNJ15 overexpressing monocytes demonstrate enhanced apoptosis induction.

A) Volcano plot of all RNA-seq DEGs in pair-wise comparison of KCNJ15°F vs Control°E primary CD14*
human monocytes (-mono) (n=5 donors each). B) Western immunoblot of APAF1 protein in Control°F and
KCNJ159% primary monocytes (n=2). Numbers represent densitometric analysis relative to Control°E. C)
Representative flow cytometry plots of Annexin V-PI apoptosis assay in KCNJI5% and KCNJ15%° THP-
1 (BCG-infected groups shown). D, E) Assessment of early apoptotic, late apoptotic and necrotic
populations in KCNJ15% and KCNJI5%° THP-1 uninfected or infected with BCG for 24h by Annexin V
and propidium iodide (PI) staining. Early apoptosis (EA) — Annexin V*, PI"; Late apoptosis (LA) — Annexin
V*, PI" ; Necrosis (NE) — Annexin V-, PI*. Data in D and E were analyzed by two-way ANOVA. Bar graphs
represent Mean + SD. Data are from n=3 experiments unless otherwise stated.

In line with these findings, we also found that KCNJI5°%-mono contained increased APAF1

protein (Fig 17B), which is a necessary scaffold protein important in the formation of the
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apoptosome, which then culminates in caspase-9-mediated intrinsic apoptosis **2. Of note, APAF 1

overexpression has been shown to correlate with enhanced apoptosis induction ** 3%,

In summary, KCNJ15 expression was associated with apoptosis induction during BCG infection.
Apoptosis is understood to confer some level of host-protective and bacterial-restrictive
advantage, however we do not observe in parallel, increased BCG growth in KCNJ15%° THP-1
cells (Fig 15C), although CFU restriction in KCNJI15°F THP-1 cells was seen (Fig 15B). The
differential phenotype of KCNJI5°F THP-1 cells (a cell line) and KCNJI5°-mono (primary

monocytes) could also be important for the incongruent outcomes in our in vitro experiments >,

Gene Name | Log:FC | FDR Relation to Apoptosis References

KCNJIS5 7.03 5.51E-97

FANCI 3.20 9.31E-06 | Pro-apoptotic Zhang et al. 3%

PRDM15 2.40 1.04E-04 | Pro-apoptotic (Genes of this | Wu et al. *7

family are pro-apototic)

MGC27382 | -3.33 3.16E-04

CCNDI -3.14 3.16E-04 | Anti-apoptotic Wang et al. 3

TMEM128 -3.29 4.54E-04

PRSS23 2.95 7.83E-04 | Anti-apoptotic Han et al. 3%

FAMI26B 1.78 1.13E-03

FSTLI -3.01 2.81E-03 | Anti-apoptotic Liang et al. 4
Ogura et al. *"!

REXOS5 -2.88 3.01E-03

ADCY6 -2.86 3.01E-03

IGF2BPI -2.63 3.01E-03 | Anti-apoptotic Rebucci ef al. 4%

CENPJ -2.42 3.38E-03 | Anti-apoptotic Ding et al. **

SGF29 1.78 3.38E-03

GOLGBI -1.74 4.88E-03

SOCS7 -1.46 6.82E-03 | Anti-apoptotic Noguchi et al. 44

EPNI 1.90 6.83E-03 | Pro-apoptotic Brophy et al. 4%

CCDC180 2.79 7.99E-03 | Pro-apoptotic Aoyama et al. *%

BRDI 1.64 1.03E-02

PPPIR9A -2.77 1.35E-02 | Anti-apoptotic Bullock S. A 47

UMPS -2.17 1.82E-02

MRPS23 -1.97 3.86E-02 | Anti-apoptotic Gao et al. %

SRD5AI 1.88 4.11E-02

UspP37 1.68 4.31E-02 | Anti-apoptotic Qin et al. 4®

OSBPL3 -1.62 4.78E-02 | Anti-apoptotic Xue, Scotti and Stofel. #1

Table 9. List of 25 DEGs between KCNJ15°F-mono and Control®®-mono, and their association with
apoptotic outcomes.
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3.8 Limitations of Chapter 3

While the THP-1 monocytic cell line is a useful tool to study the function of KCNJI5 due to the
ease of using gain and loss-of-function techniques, the endogenous expression of KCNJI5 in
THP-1 is relatively low. Hence, WT THP-1 cells may not be the best cellular model system. On
the Human Protein Atlas, THP-1 monocytes are reported to express KCNJI15 at normalized
transcripts per million (nTPM) of 0.5 *''. Although KCNJI5 is indeed upregulated upon TLR-
mediated engagement by Mtb/BCG, its absolute expression remains low. Upwards of 50-80pg of
WT THP-1 protein lysate input has to be provided to be able to visualize KCNJI5 via
immunoblotting. Furthermore, as a transformed cancer cell line, THP-1 cells do not represent true
monocytes and may demonstrate abnormal immune functions. The unexpected difficulty in
obtaining a full knockout clone of KCNJ15 in THP-1 also poses a problem to our interpretation
of the data.

In order to gain a more thorough understanding of the role of KCNJI5 during mycobacterial
infection, we generated a full-body Kcnjl5 knockout mouse model to study Kcnjl5 at a systems

level (next chapter).
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Chapter 4: Investigating the role of KCNJ15 in mycobacterial infection in vivo using

a Kcnj15%° mouse model

4.1 Generation and validation of Kcnj15%© mice

Kcnjl15%° mice were generated by in-vitro fertilization of eggs from super-ovulated wild-type
(WT) C57BL/6 female mice with Kcnj15%° sperm, followed by loading of embryos into surrogate
C57BL/6 female (Performed by IVF platform at BRC, A*STAR). This resulted in the birth of FO
heterozygous offspring, which were further bred to obtain F1 mice (Fig 18A). Aside from PCR
genotyping (Fig 18A), the knockout of Kcnjl5 was also confirmed by assessing protein levels in
various key organs from WT and Kcnjl5%° mice. As expected, both the kidneys and stomach
expressed high levels of Kir4.2 (expected size ~42.5kdA, red arrow) which was absent in
Kenjl15%° mice (Fig 18B). Notably, the lungs also showed Kird.2 expression at the expected band
size which was absent in Kcnjl5%° mice. On the other hand, expression of Kir4.2 specific band
in the spleen was virtually undetectable in WT mice (Fig 18B). Overall, this data confirms the
loss of Kir4.2 in Kcnjl5%° mice. Currently, these Kcnjl5%° mice appear to have only been used
in a renal study, revealing deficits in ammonia metabolism and management of acidosis in

proximal tubules of mice lacking Kcnjl5 *2.
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Figure 18. Generation and validation of Kcrj15%° full body knockout mice.

A) Schematic of generation of Kcnj15%° mice by in-vitro fertilization, breeding and PCR genotyping to
detect wild-type and mutant bands. B) Western immunoblot of protein lysates from kidneys, lungs, spleen
and stomach of naive WT and Kcnj15%° mice, blotted for Kcnjl5/Kird.2 (Anti-Kir4.2, Alomone) Red arrow
indicates Kir4.2 band at ~42.5kDa. 50ug of protein from each organ was loaded and [-actin was used as a
loading control.
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4.2 Kcnj15%9 mice carry reduced BCG burden in lungs which correlates with increased

spleen dissemination

We first examined the effect of ablating Kcnjl5 in mice on mycobacterial growth. Due to COVID-
19 pandemic driven occupancy of our ABSL3 facility, we were unable to perform mice
experiments with Mtb under ABSL3 conditions. With no other timely option available, we
performed experiments in ABSL2 where we infected mice intratracheally with 1.5%10° BCG to
model Mtb infection. Kcnjl5%° mice harbored less BCG burden in the lung when evaluated at 14
days post infection (d.p.i). (Fig 19A). While we did not find significant difference in splenic
bacillary load (Fig 19B), we observed that lung and spleen bacterial load were inversely correlated
(R=-0.343, p=0.0261) (Fig 19C), suggesting that reduced lung bacterial load may correlate with
increased dissemination of bacteria to peripheral organs such as the spleen. Furthermore, since
we used a whole-body knockout mouse model, whether the reduced lung bacillary load was due
to the ablation of Kcnjl5 in immune or non-immune cells is unknown. Future studies will involve

the generation of bone-marrow chimeras to examine Kcnjl5 function in immune cells.
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Figure 19. Kcnj15%° mice carry reduced lung BCG burden which correlates with increased spleen

dissemination.

Bacterial loads in A) lung and B) spleen of BCG-infected WT and Kcnjl5%° mice at 14 d.p.i. Compiled
data from n=3 independent experiments is shown, with v, O, © indicating mice from n=3 experiments, bar
graphs represent Mean + SD. C) Correlation plot between lung and spleen CFUs are plotted where each
dot represents n=1 mice. Red, Kcnjl5%° mice; Grey, WT mice. Data in A and B are analyzed by Mann-
Whitney test and data in C is analyzed by simple linear regression with Pearson’s correlation.

4.3 Myeloid immune cell profiling of lungs from BCG-infected Kcnj15%° mice

Since we observed reduced BCG burden in the lungs of Kcnjl5%° mice at 14 d.p.i. (Fig 19A), a

timepoint at which there is no significant initiation of adaptive immunity in mouse models of TB

144483 we profiled pulmonary myeloid immune cells by multi-parameter flow cytometry to

understand the role of Kcnjl5 in in vivo host-mycobacterial interaction. WT and Kcnjl5° mice

were infected intratracheally with 1.5*10° CFU of BCG for 7 or 14 days (Fig 20A). Age-matched
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uninfected mice were used as controls. Examination of lung myeloid populations revealed specific

differences in BCG-infected Kcnjl5%° mice.
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Figure 20. Profiling of myeloid immune populations in WT and Kcnj15%° mice during BCG infection.
A) Gating strategy for analysis of myeloid immune populations in murine lung. Lin~ gating removes
lymphoid cells by excluding cells expressing CD45R, CD90.2 and NK1.1. B) Representative plots showing
proportion of total macrophages in WT and Kcnj15%° lungs at 14 d.p.i (top left) and quantification of
macrophage populations in uninfected and BCG-infected WT and Kcnjl5%° mice at 7 and 14 d.p.i
represented as a percentage of CD45" cells. C) Representative plots showing proportion of total DCs
(CDI11c" MHCII™) in WT and Kcnjl5%C lungs at 14 d.p.i (top left) and quantification of DC populations
(cDCl1 and ¢DC2, bottom) and D) neutrophils (CD11b* Ly6G™) as a percentage of CD45" cells (right). E)
Representative plots showing proportion of Ly6C" monocytes (Ly6C" CDI11b" CD43°) in WT and
Kenj15%° lungs at 14 d.p.i (top left) and quantification of monocyte populations. DCs — Dendritic cells;
¢DC1 — Conventional DCs type 1 (CD103" CD11b’); cDC2 — Conventional DCs type 2 (CD103" CD11b").
Each dot represents n=1 mice and each bar represent 2 n=2 experiments, Mean + SD. Data from B-E are
analyzed by Two-way ANOVA for differences between WT and Kcnjl5%° groups (within group analysis
not shown).
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As expected, total macrophages (CD64"F4/80") increased in proportion within the lung by 7 d.p.i
in both BCG-infected WT and Kcnj15%° mice, which then subsided by 14 d.p.i (Fig 21B). Indeed,
all subsets of macrophages including AMs, IMs, and monocyte-derived macrophages (MCs)
showed a similar trend. Each of these populations can be replenished by recruited BM-derived
monocytes to the lung during inflammation and infection ', Kcnjl5%° mice demonstrated an
increased proportion of lung AMs and MCs over the 14-day infection (Fig 20B). Generally, IMs
and MCs both represent interstitial macrophage-like cells seeded by recruited bone marrow
monocytes during lung infection with Mtb *'**'*. DCs (CD64'F4/80°CD11¢"MHC-IIY), likewise,
can be differentiated from incoming bone-marrow monocytes or expanded from pre-DCs
originating in the bone marrow *'®, and was thus observed to accumulate over the 14-day infection
period in both WT and Kcnj15%° mice (Fig 20C). However, Kcnj15%° mice demonstrated higher
proportion of both lung ¢cDC1 (CD103" DCs) and ¢cDC2 (CD11b" DCs), compared to their WT
counterparts. Neutrophil populations, surprisingly, were not greatly expanded at 7 d.p.i in WT
mice, although some mice had increased neutrophils in Kcnjl5%° mice (Fig 20D). Since
neutrophils are one of the earliest responders to pathogenic assault, peak in neutrophil recruitment

in the lung of Kcnjl5°

mice likely occurred at an earlier timepoint (< 7 d.p.i), which was not
captured in this dataset. Interestingly, we observed a marked reduction in the presence of lung
Ly6C"™ monocytes (classical monocytes) both in uninfected and infected Kcnjl5*° mice

compared to WT mice, which was maintained till 14 d.p.i (Fig 20E).

Based on the above lung myeloid phenotyping in uninfected and infected Kcnjl5%° mice and the
fact that Kcnj15%° mice were able to better control BCG burden in the lungs but showed increased
dissemination to the spleen, the following hypotheses were formulated to further decipher the

potential role of Kcnjl5 in immune response to Mtb (Fig 21).

Reduced monocyte-recruiting cytokine production

KO
Kenj15 BCG-infected lungs:

hi
| Ly6C monocytes

1 Total macrophages .
1 Dendritic cells Reduced monocyte myelopoiesis

Poor bone marrow egress of monocytes

o
Increased differentiation of Ly6C I monocytes into macrophages

KO
Kcnj15 BCG-infected lungs:
| BCG bacterial load Increased antigen presentation and enhanced T cell response
1 Spleen dissemination

Enhanced ability of AMs in controlling BCG infection

Figure 21. Hypotheses regarding the role of Kcnjl5 in reducing lung BCG burden and regulation of
myeloid population changes.
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Cytokine and chemokine secretion is vital for monocyte recruitment to sites of infection '*. We
thus first hypothesized that Kcnj15%° mice might be deficient in production of pro-inflammatory
mediators necessary for efficient Ly6C™ monocyte recruitment to the lung. Monocytes are
generated in the bone marrow (BM) niche, from which they egress into the bloodstream and
migrate to the site of infection '™, Thus, we next considered if the reduction in Ly6C™ monocytes
in Kcnjl15%° mice might be due to reduced myelopoiesis of monocytes, limited egress from the

BM or reduced emergency hematopoiesis (Fig 21).

Since we also observed an increased proportion of total macrophages including AMs and MCs,
as well as DCs (Fig 20B, C), we surmised that there may be an enhanced differentiation of Ly6C™
monocytes to macrophages or DCs in the lung, which could have contributed to improved
bacterial clearance. Indeed, macrophages and notably DCs are crucial APCs for initiating the
adaptive response, hence we consider that increase in these populations may have resulted in
enhanced BCG-specific T cell response by 14 d.p.i, thus aiding in bacterial killing. Lastly, since
AMs are situated at the site of airway infection and are capable of phagocytosing Mtb ¢, we

5KO

hypothesize that Kcnjl5™" AMs may harbor heightened bactericidal capabilities. To this end, we

conducted transcriptomic analysis to examine this notion.

4.4 Cytokine/chemokine expression analysis in BCG-infected WT and Kcnj15%° mice

Inflammatory cytokines and leukocyte-recruiting chemokines are secreted by both immune and
non-immune cells during infection. We examined lung homogenates from uninfected and BCG-

infected WT and Kcnjl 5%° mice at 14 d.p.i using a multiplexed cytokine analysis platform.
y p

In general, the level of cytokines/chemokines under homeostatic conditions (uninfected) were
similar in the lung homogenates of WT and Kcnjl5%° mice (Fig 22A). However, among BCG-
infected WT and Kcnj15%° groups we noticed significant differences in some of the analytes in
the lungs. These included IL-17A (CTLAS), IL-15 and GM-CSF (p=0.0548), all of which were
found to be at a lower level in Kcnjl5%° mice upon BCG infection as compared to BCG-infected
WT mice (Fig 22B). All these 3 cytokines appear to promote a pro-inflammatory phenotype in

Mtb-infected mice are important for host protection.
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Figure 22. BCG-infected KcnjI15%° mice lungs harbor reduced pro-inflammatory cytokine and
chemokine expression.

A) 36-plex multi-analyte profiling on lung homogenates of uninfected or BCG-infected (14 d.p.i)) WT and
Kenj15%° mice (n=5 mice per group). Z-scores for each analyte across all samples were tabulated and
plotted as a heatmap. B) IL17A (CTLAS), IL-15 and GM-CSF analyte concentrations in lung homogenates
from mice in A. C) Multi-analyte profiling data plotted in radar plot, where values represent fold-change
of average concentration of analyte from BCG-infected samples vs uninfected samples for each group (WT
or Kenj15%%) in A. D) CCL5 levels in the lung from mice in A. E) CCL2 levels in serum and lung
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homogenate from uninfected and BCG-infected (7 d.p.i) WT and Kcnj15%° mice, detected by sandwich
ELISA. Data in B, D and E was analyzed by Two-way ANOVA. Bar graphs represent Mean + SD.
IL-15 regulates many immune cell types and is considered pro-inflammatory *'7,

Notably, IL-15 is important for CD8" T cell activation. In Mtb-infected mice, loss of IL-15
inhibited CD8" expansion in draining lymph nodes and impaired cytotoxic function and IFNy
production, resulting in poorer survival *'®. Next, IL17A is a potent activator of neutrophilic
inflammation, and is secreted by immune cells during Mtb infection. IL17A production and
autocrine signaling by Mtb-infected neutrophils also confers it enhanced bactericidal abilities *'*,
and its deletion worsens bacterial burden in the lung **°. GM-CSF signaling in macrophages is
crucial for Mtb restriction **'. In vitro neutralization of GM-CSF was shown to promote an M2
signature in macrophages that was associated with reduced NO production and higher bacterial
burden, while in vivo neutralization led to increased granuloma formation but no change in

bacterial growth **,

Visualizing the cytokine/chemokine lung data as a radar plot demonstrated that the fold-change
induction of cytokines/chemokines upon BCG infection (BCG-infected vs uninfected) in WT
mice were higher compared to Kcnjl55° mice (Fig 22C). The only outlier in this fold change
analysis was CCL5 (Fig 22C), which showed a greater fold change in infected Kcnjl5° mice
(2.96 times) than in WT mice (1.96 times), though in absolute analyte concentrations there was
no statistical difference (Fig 23D). CCL5 along with CCL2, CCL3 and CCL7 are all ligands for
CCR2 '™ and thus can contribute to Ly6C™ monocyte recruitment. CCL2 is well known to
stimulate Ly6C™ monocyte (which are also CCR2™) egress from the BM reserve and migration
towards lymph nodes or sites of infection ', Having observed decreased Ly6C™ monocytes in
the lungs (Fig 20D) of Kcnjl5%° mice, we hypothesized that these mice may harbor reduced
CCL2. However, CCL2 levels in lung homogenate and serum at 7 d.p.i were similar between WT
and Kcnj15%° mice (Fig 22E), suggesting that CCL2 was not responsible for reduced lung Ly6C™

monocytes recruitment in Kcnjl55° mice.

Overall, the cytokine/chemokine analysis suggests a somewhat reduced inflammatory milieu in
the lung of BCG-infected Kcnjl55° mice, a phenotype which was also observed in KCNJ15%°
THP-1 cells when infected with BCG or stimulated with LPS or Pam2CSK4 (Fig 16C, D).
Furthermore, lower levels of various chemoattractant and pro-inflammatory cytokine at 14 d.p.i
in Kcnj15%° mice correlates with ongoing resolution of infection at that time point, as shown by
areduced BCG burden in the lungs of Kcnjl5%° mice (Fig 19A). It can be surmised that the higher
proportion of macrophages present in Kcnjl 5% lungs at 7 through 14 d.p.i (Fig. 20B) contributed
to more bacterial clearance and thus reduced CFU and inflammation by 14 d.p.i (Fig 19A).
Reduced inflammatory mediators at 14 d.p.i may also, in turn, stimulate less Ly6C™ monocyte

infiltration.
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It may be possible that the Kcnjl 5% Ly6C™ monocyte pool are primed towards differentiation
into macrophages in tissue niches. Further investigation is required to understand the dynamics
between the reduction of Ly6C™ monocyte population and expansion of the macrophage or DC
compartments in Kcnjl 5%° mice. Alternatively, the decrease in lung Ly6C™ monocytes could be

due to deficits in trafficking of monocytes from BM to blood or from the blood into the lungs.

4.5 Blood myeloid populations in Kcnjl5%° mice are unchanged at 7 d.p.i

In order to further probe the observed reduction in Ly6C™ monocytes in the lungs of Kcnjl5<°
mice at 14 d.p.i, we investigated the myeloid cells in the blood (Fig 23A). We chose an earlier
timepoint of 7 d.p.i to capture the monocyte recruitment process earlier in the infection. By
examining the blood myeloid cells profile, we can establish if the loss of Ly6C™ monocytes is
also seen in the blood, which could suggest a deficit in upstream BM egress. Indeed, when
monocytes are prevented from egressing due to deletion of Ccr2, monocytes become drastically
reduced in the blood and are instead accumulated in the BM “**. If blood Ly6C" monocytes are

unchanged, dysregulation of monocyte numbers could be happening at the site of infection (lung).

BCG infection alone did not result in significant expansion of myeloid populations in the blood
at 7 d.p.i (Fig 23B), notably, of pro-inflammatory Ly6C" monocytes and neutrophils. In BCG-
infected Kcnjl5%° mice, however, we saw some highly variable expansion of neutrophils which
was not statistically significant, although the same trend was also observed in the lungs at 7 d.p.i
(Fig 20D). It is possible that the expansion of pro-inflammatory populations might be better
observed at an earlier timepoint to infection (i.e. 1-3 d.p.i) as we did observe expansion of
macrophage and DC populations as early as 7 d.p.i (Fig 20B, C), suggesting that pro-
inflammatory monocytes could have already largely infiltrated and become differentiated in the

lungs.

Interestingly, we found that Ly6C™ monocytes in the blood were already lower in uninfected
Kenjl15%° mice compared to uninfected WT mice (Fig 23B). This was similarly reflected in the
lungs of uninfected Kcnjl5%° mice (Fig 20E). In BCG-infected mice, however, there was no clear

5% mice compared to WT, although reduction

difference in blood Ly6C™ monocytes from Kcnj!
was observed in the lungs (Fig 20E). Aside from these, we found no significant changes to other
monocyte populations nor DCs and neutrophils in the blood stemming from the loss of Kcnjl5

expression.

We thus consider that Kcnjl5%° mice may have an intrinsic deficit in Ly6C™ monocyte
development or egress from BM, whereas in BCG-infected conditions, reduction in lung Ly6C"

monocytes may be attributed more to events occurring in the lung niche itself. To investigate the
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former, we next profiled the BM monocyte/myeloid and hematopoietic progenitors in WT and

Kenjl 55° mice.
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Figure 23. Profiling of blood myeloid immune populations in BCG-infected WT and Kcnj15%° mice.

A) Gating strategy for analysis of myeloid populations in murine blood. Lin" gating removes lymphoid cells
by excluding cells expressing CD45R, CD90.2 and NK1. B) Myeloid immune populations in blood from
uninfected and BCG-infected WT and Kcnjl5%° mice at 7 d.p.i represented as a percentage of CD45" cells.

Each dot represents n=1 mice and each bar represents > n=2 experiments, Mean = SD. Data are analyzed
by Two-way ANOVA.
4.6 Bone marrow myeloid and monocyte populations in Kcnj15%° mice at 7 d.p.i

A brief overview of immune cell hematopoiesis and monocyte development in BM is depicted in
Figure 24. In the BM, immune cell development begins from the hematopoietic stem cells (HSC),

which differentiates into multipotent progenitors (MPP), progressing to common-myeloid
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progenitors (CMP) and common lymphoid progenitors (CLP). CMP then differentiates into
granulocyte-monocyte progenitors (GMP), which may develop into either granulocytes or
common monocyte progenitors (CMoPs). Notably, CMoPs progress into transitional pre-
monocytes (TpMo), which acts as a readily mobilizable precursor for active Ly6C™ monocytes
during infection or inflammation ***. Circulating Ly6C™ monocytes are thought to return to the

BM niche and develop into Ly6C'"® monocytes in the absence of inflammation '**,

LT-HSC ST-HSC MPP2  MPP3
o-@-
CLP CMP

CJ

i v l Erythrocyte
T cells B cells NK cells MEP O O

—>
GMP .
—i Megakaryocyte
’ MkP
| —>

Ly6CH Ly6CP
Granulocyte cMoP TpMo monocyte monocyte

-0-@®-@

CXCR4" CXCR4P

Figure 24. Brief schematic of bone marrow hematopoiesis and monocyte myelopoiesis. Adapted from
Chong et al (2016) “?* and Noetzli, French and Machlus (2019) 4%,

To gain insight into the reduction of Ly6C™ monocytes in Kcnjl5%° mice at 14 d.p.i, we assessed
BM monocyte populations at 7 d.p.i (Fig 25A). During BCG infection, we observed no clear
changes in total BM Ly6C™ monocytes (Fig 25B). However, BCG infection appeared to cause a

loss of CXCR4"°Ly6C™" monocytes in WT mice, which was not significant in Kcnjl5%°

mice (Fig
25B). CXCR4 is understood to mark TpMo populations, the loss of which signifies a transition
into active mobilization and egress “** **. Thus, reduction in CXCR4"°Ly6C" monocytes in BM
of WT BCGe-infected mice is likely due to the egress of these cells into circulation, and this

process seems to be slightly hindered in Kcnjl5%° mice (Fig 25B).

Ly6C" monocytes were found to be significantly increased with BCG infection in Kcnj15%° mice
(Fig 25B). Traditionally, Ly6C'® monocytes are understood to play a more homeostatic and tissue-
repair function and are not as responsive to inflammatory signals '**, hence we also do not see
them accumulating in the lung during infection (Fig 20E). However, the human equivalent, CD16"
monocytes, were found to be elevated in blood of ATB patients, which correlated with disease

severity “*’. Thus, it may be possible that loss of Kcnjl5 promoted Ly6C™ monocyte regress to
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BM and differentiation into Ly6C" monocytes '**, through some unknown mechanism, or due to
quicker resolution of infection and inflammation in Kcnjl5%° mice. Alternatively, Kcnjl5%°

Ly6C" monocytes could simply be less mobilized in these mice.
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Figure 25. Profiling of bone marrow monocyte and precursor populations in uninfected and BCG-
infected WT and Kcnj15%° mice.

A) Gating strategy for analysis of monocyte populations in murine bone marrow. Lin~ gating removes
lymphoid cells by excluding cells expressing CD45R, CD90.2 and NKI1. B) Bone marrow monocyte
progenitor and subset populations in WT and Kcnjl5%° mice at 7 d.p.i. cMoPs — Common monocyte

progenitor. Each dot represents n=1 mice. Compiled data of n=2 experiments, Mean + SD. Data are
analyzed by Two-way ANOVA.
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Notably, in comparing uninfected WT and Kcnjl5%° mice, we did not notice an obvious
accumulation of total Ly6C™ monocytes in the BM (Fig 25B), indicating that monocytes in
uninfected Kcnjl5%° mice were not significantly deficient in bone marrow egress. In summary,
we observed that Kcnjl5%° mice had increased BM Ly6C" monocytes and slightly reduced
mobilization of active CXCR4"“Ly6C™ monocytes during BCG infection. While these may
provide a hint towards the reduction of Ly6C" monocytes in the lungs of BCG-infected Kcnjl 5%°
mice, it does not appear to provide a full picture on the matter. We next went a step further to
profile BM hematopoietic populations to check for differences in WT and Kcnj15%° mice further

upstream in myelopoiesis.

4.7 Bone marrow hematopoietic populations in Kcnjl5%° mice at 7 d.p.i

Although we saw no stark differences between WT and Kcnjl5%° mice BM monocyte and
precursor populations, we concurrently assessed BM hematopoietic progenitor profiles to make
observations on the possible role of Kcnjl5 on steady state and emergency hematopoiesis during
infection (Fig 26A). Uninfected WT and Kcnjl5° mice did not show any differences in the
frequency of progenitor populations (Fig 26B). At 7 d.p.i, BCG-infection induced the expansion
of various BM progenitor populations although high variance rendered most of them statistically
insignificant. These included LT-HSC, MPP2 (sig. in Kcnj15%°), GMP, CMP and CLP
populations (sig.) (Fig 26B). There were hardly observable differences in progenitor population
expansion between infected WT and Kcnjl55° mice, aside from that of MPP2, where Kcnjl5%°
mice showed infection-induced MPP2 expansion that was significant (Fig 26B). Similar
expansion was not observed in BCG-infected WT mice. Overall, since there was no change in
GMP and CMP (which give rise to monocytes), the reduction of Ly6C™ monocytes in Kcnjl 5°

mice could not be attributed to the deficits in hematopoiesis.

4.8 Reduction of Ly6C" monocytes in BCG-infected Kcnj15%° mice lung correlates with

expansion of lung macrophages

In considering the concurrent reduction of pro-inflammatory Ly6C™ classical monocytes (Fig
20E) in the BCG-infected lungs of Kcnjl5%° mice along with the accumulation of CD64F4/80"
macrophages and CD11c¢"MHCII™ DC populations (Fig 20B, C), we hypothesized that infiltrating

5% mice are

monocytes, originating from the BM, into the lung of BCG-infected Kcnjl
differentiated into macrophages and dendritic cells in greater amount, bolstering these populations

in response to infection.
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From our myeloid profiling of BCG-infected WT and Kcnjl15%° lungs, we extracted correlation
data between Ly6C" monocytes and macrophage and DC populations in these mice. There was a
clear inverse association between Ly6C"™ monocytes and total macrophages (r=-0.6813,
p=0.0005) (Fig 27A). Examining the macrophage subpopulations also showed a distinct negative
correlation between Ly6C™ monocytes and AMs (r=-0.6313, p=0.0016) as well as IMs
(CD11bMCD11¢) (1=-0.5663, p=0.006) (Fig 27A). Indeed, both these populations can be

replenished by peripheral inflammatory monocytes ** '*2,
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Figure 26. Profiling of bone marrow hematopoietic progenitor populations in uninfected and BCG-
infected WT and Kcnj15%° mice.

A) Gating strategy for analysis of hematopoietic populations in murine bone marrow. Lin™ gating removes
lymphoid cells, monocytes and neutrophils by excluding cells expressing CD45R, CD90.2, NK1 and Grl.
B) Bone marrow hematopoietic and progenitor populations from WT and Kcnj15%° mice at 7 d.p.i. GMP —
Granulocyte-monocyte progenitor; CMP — Common myeloid progenitor; MEP — Megakaryocyte-
erythrocyte progenitor; MkP — Megakaryocyte progenitor; CLP — Common lymphoid progenitor; MPP —
Multipotent progenitors; ST-HSC — Short-term hematopoietic stem cells; LT-HSC — Long-term
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hematopoietic stem cells. Each dot represents n=1 mice. Compiled data of n=2 experiments, Mean + SD.
Data are analyzed by Two-way ANOVA.

In our analysis, MCs represent monocyte-derived cells which have been shown to be significantly
expanded during Mtb infection ***. Some other groups classify these CD64"'CD11b"CD11c" cells
together with IMs, and are regarded as a heterogeneous macrophage population *. Many studies
have tried to delineate the subpopulations within these non-AM macrophages expanded during
Mitb infection. Using single-cell RNA-seq, Pisu et al. identified 3 distinct IM clusters that differed
in activation, inflammatory and metabolic signatures *°. Interestingly, a separate study identified
a CD11c" subset within the lung MC population as a major macrophage compartment infected
by Mtbh *'*. Infection with yellow fluorescent protein-tagged Mth (YFP-Mtb) demonstrated that
31% of all YFP-Mth-infected cells were CD11c™ MCs, in comparison to AMs which only
comprised 13%, and this high rate of Mtb infection persisted up till 6 weeks *'*.
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Figure 27. Reduction in Kcnj15%° Ly6C" monocytes correlates with increased macrophages in the
lung.

A) Correlation plot of Ly6C" monocytes vs total macrophages, Alveolar macrophages or Interstitial
macrophages (% of CD45") from WT and Kcnj15%° lungs at 14 d.p.i where each dot represents n=1 mice.
Red, Kcnjl5%° mice; Grey, WT mice. B) Representative plots showing gating strategy of macrophage
subpopulations, specifically of CD11c" and CD11¢!™ monocyte-derived macrophages (MCs) at 14 d.p.i.
C) CD11c" and CD11c™ MCs in WT and Kcnj15%° lungs represented as a % of CD45" cells. Each dot
represents n=1 mice and each bar represents > n=2 experiments, Mean + SD. D) Correlation plot of Ly6C™
monocytes vs CD11c" MCs or E) total DCs where each dot represents n=1 mice. Red, Kcnjl5%° mice;
Grey, WT mice. Data in A, D, E are analyzed by simple linear regression with Pearson’s correlation. Data
in C was analyzed by Two-way ANOVA for differences between WT and Kcnjl5%° groups (within group
analysis not shown). Correlation plots comprise compiled data from n=2 experiments.

We thus segregated our MC population into CD11c" and CD11c¢™ MCs (Fig 27B) and observed
that while proportions of CD11c¢™ MCs were more variable, CD11c" MCs were increased in
Kcnj15%© lungs at 14 d.p.i (Fig 27C). This increase in CD11c"™ MCs was also significantly
correlated with reduction in Ly6C™ monocytes at 14 d.p.i (r=-0.4585, p=0.0319) (Fig 27D).
Although CD11c" MCs were shown to be most infected population in the lungs of mice and thus
appeared to be a reservoir for persistent pulmonary Mtb infection, these cells express Nos2 *'* and
therefore may be able to effectively eliminate BCG bacilli. Of note, Nos2 is important for
mycobacterial control ****°. In this way, the expansion of CD11c¢" MCs population may be

concordant with the improved control of BCG burden in Kcnj15%° lungs at 14 d.p.i (Fig 19A).

Infiltrating Ly6C™ monocytes can also differentiate into mo-DCs at sites of infection **'.

Therefore, we additionally analyzed the correlation between Ly6C™ monocytes and total DCs but
did not observe a significant negative correlation (r=-0.3723, p=0.088) (Fig 27E). Taken together,
we show that reduction of Ly6C™ monocytes in Kcnjl5%° lungs at 14 d.p.i was well correlated
with the expansion of the macrophage compartment but not of DCs. Notably, specifically CD11¢™
MCs were increased in BCG-infected Kcnjl5%° lungs, and these Nos2-expressing macrophages

may be important for restricting BCG growth.

While we used a correlation analysis to probe whether the expanded macrophage and DCs might
have derived from Ly6C™ monocytes, this certainly does not show a causal relationship. There

are certainly experimental methods which can be used to properly study this, which were not

5KO

carried out due to time constraints. Adoptive transfer of WT and Kcnjl5™~ BM monocytes into

5KO

BCG-infected CD45.1 mice would allow us to examine if Kcnjl monocytes do have

propensity to differentiate into macrophage or DC population (See Chapter 6).
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4.9 Transcriptomic analysis of WT and Kcnjl5%© alveolar macrophages in uninfected

and BCG-infected mice

During pulmonary infection, the primary cells that encounter bacterial assault are AMs and
epithelial cells which line the airway, in addition to neutrophils which rapidly arrive at the site of
infection. According to the Human Protein Atlas, immunohistochemical staining of Kcnjl5 in
lung sections showed significant expression of Kcnjl5 in cells identified as macrophages which
were located in the airways *°'. Likewise, it has been shown that intracellular BCG present in the
lungs at 14 d.p.i following intranasal BCG administration resided largely in the AM compartment
3. Hence, we hypothesized that reduced lung bacterial burden in Kcnjl5%° mice might be
attributed to the AMs ability to restrict BCG. Moreover, we had earlier found increased AMs in
the lung of BCG-infected Kcnjl5%° mice (Fig 20B). Therefore, we conducted a genome-wide
transcriptomic analysis using RNA-seq on AMs isolated from the bronchoalveolar lavage (BAL)
of BCG-infected (14 d.p.i) and uninfected WT and Kcnjl5° mice.

Altogether, 208.8 million paired-end reads were obtained by Illumina sequencing of mRNAs
extracted from these samples with a median of 13.0 million reads per sample, a median of 80.7%
of which were mapped to known mouse transcripts (Fig 28A). Principle component analyses
(PCA) of the expression profiles of 15 samples among four groups showed that the transcriptome
of AMs was mainly affected by BCG infection, while the distinction between WT and Kcnj15%°
groups was minimal (Fig 28B). To better understand the differences between WT and Kcnjl5%°
AMs, differential gene expression (DEG) analysis was performed on 12192 genes after genes
with log2CPM inter-quartile range (IQR) less than 0.5 across samples were removed (see
Methods). The union of 1436 DEGs across all 4 groups were represented by a heirarchical
clustering heatmap which separated the genes into four clusters (Fig 28C). Among these cluster
1 (C1) 850 genes were upregulated in AMs from BCG-infected mice regardless of the mice
genotype. Expectedly, C1 genes mainly coded for inflammatory proteins and encompassed
numerous interferon-inducible genes (Ifitl, Ifit35, Ifit 44, Cxcll0 , Ciita **), macrophage

activation markers (Nos2) and inflammatory chemokines (CxclI, Cxcl3).

Cluster 3 (C3, 403 genes) represented genes that were downregulated during BCG-infection and
were again independent of genotype. This included Epor which promotes immune tolerance and
clearance of apoptotic cells by macrophages *** ***, Zeb2 which maintains tissue macrophage

identity **°

as well as genes linked to anti-inflammatory responses such as Cavinl and Bcl6. This
suggests that BCG-infection activates AM and represses anti-inflammatory mechanisms.
Interestingly, Cluster 3 was also enriched for genes involved in intracellular sterol transport
(GO:0032366) such as Abcglm‘ 37 Osbp 38 Gramd1b*™°, GramdIc™, Sep?2 0 Cd36 and

Syt7* most of which are responsible for the movement of cholesterol between plasma membrane
) p p
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and various organelles. Cd36 also plays a role in uptake of oxidized low-density lipoprotein
(OxLDL) **. Since Mycobacterium are known to utilize host cholesterol, this data suggests that
BCG-infection elicits changes in intracellular cholesterol and lipid distribution which may have

an impact on intracellular mycobacterial survival ***.
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Figure 28. Transcriptomic profile of AMs from WT and Kcnj15%° mice in response to BCG infection.
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cholesterol-related pathways (red). F) Normalized expression of Kcnjl5 across four groups (RPKM), Mean
+ SD. Each dot represents AMs harvested from n=1 mice. Data in D was analyzed by Two-way ANOVA.

Cluster 2 (C2, 72 genes) comprised of genes that were upregulated in uninfected Kcnjl5%° AMs.
Expression of these C2 genes seems to be upregulated in AMs from BCG-infected WT mice as
well, although mean gene expression across the groups was not statistically significant (Fig 28D).
C2 comprised genes such as Mmpl2 (Elastase), which has been shown to translocate to
macrophage phagolysosomes to kill bacteria ***, and Slc2al (Glutl), a glucose uptake transporter
(Fig 28E). Indeed, activation of glycolysis, as opposed to FAO, has been shown to be more

45 Contrary to C2 genes, cluster 4 (C4, 111 genes) genes were

mycobacterial-restrictive
downregulated specifically in AMs from BCG-infected Kcnjl5%° mice (Fig 28C, D). Cluster 4
(C4) genes included macrophage-activation marker Cd83 **%, Chfb, which is important for AM
self-renewal *7 and Tgfbrl (Fig 28E). TGF-B signaling is important for AM development and
homeostasis ***. Importantly, TGF- is secreted by AMs during bleomycin-induced lung injury
and is an important driver of fibrosis ****°, The increase in bacterial-restrictive gene expression
and downregulation of resident AM homeostatic genes may be due to the greater influx of
monocyte-differentiated AMs, which are not self-renewable nor require TGF-§ signaling for
maintenance, but instead are primed towards fighting infection. Furthermore, downregulation of

5KO

TGF-p signaling in Kcnjl AMs may dampen Mtb-induced lung pathology by ameliorating

progression of fibrosis.

Interestingly, we found that both C2 and C4 clusters harbored genes involved in cholesterol

metabolism (Fig 28E). C2 genes (upregulated in Kcnjl5%°

AMSs) contained cholesterol
biosynthesis genes (Lss, Sqle), genes involved in foam cell formation (Msr1), cholesterol sensing
(Nr1h3 which codes for LXRa) **', and Nampt which, when knocked-down, leads to cholesterol
efflux **2. C4 (downregulated in Kcnjl5%° AMs) comprised genes associated with cholesterol
efflux (Abcal, Hdac9, Malat]*’) and negative regulation of cholesterol synthesis genes
(March6) #* *’ (Fig 28E). Taken together, this suggests that Kcnjl5*° AMs may have
dysregulated cholesterol homeostasis and be primed towards cholesterol accumulation, gaining

the propensity for foam cell formation which commonly occurs in macrophages in atherosclerotic

lesions *°.

Whether or not accumulation of cholesterol aids or hinders AMs in restricting intracellular
mycobacteria growth requires further experimentation. Cholesterol-rich regions in the plasma
membrane known as membrane rafts were shown to be vital for phagocytosis of M. bovis, P.

#37.458.459 "and in vitro generated human MDM foam cells showed

aeruginosa and C. neoformans
improved ability to control Mtb infection *°. However, foam cells have also been thought to

promote Mtb persistence by providing a lipid-rich niche **- %46 Pertaining to foam cells, its
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generation in TB disease is predominantly triglyceride-dependent rather than cholesterol-
dependent, which is conversely more common in atherosclerotic foam cells ***. In summary, it is
unclear what downstream effect increasing the cholesterol proportion of foam cells may have in

the case of Mtb growth.

At steady state, the number of DEGs between WT and Kcnjl 5%° AMs amounted to only 29 genes.
We found that the endogenous expression level of Kcnjl5 in mice AMs was very low both in
uninfected and BCG-infected conditions (Fig 28F), with RPKM levels falling below 1. This
appears to be at odds with KCNJ15 expression in human AMs which appeared to be strongly
expressed as seen by significant immunohistochemical staining by anti-KCNJI5 antibody in the
human airways *°'. A separate transcriptomic study on mice cardiac macrophages likewise found
Kcnjl5 expression in these cells to be low, at 0.8 RPKM ***. While the effect of gene knockout
was not readily observable, it is possible that the knockout cassette inserted into the Kcnjl5 exon
did not disrupt transcription, thus still producing detectable mRNA which however could not be
translated or resulted in truncated or misfolded Kcnjl5 protein. Nonetheless, the low expression
of Kcnjl5 accounts heavily for the lack of obvious transcriptomic profile differences.
Additionally, we consider that loss of Kcnjl5 may not result in glaring changes at the
transcriptomic level since it encodes a K transport channel which additionally lacks a regulatory
subunit unlike other Kir family members such as Kir6.x and Kir3.x subtypes. Hence, it is

understandable that Kcnjl5 may exert its effects more at the ion homeostasis or protein level.

However, this does not preclude the bystander effects on the AMs deriving from surrounding cell
types which may express and actively rely on Kcnjl5 function. These may include infiltrating
neutrophils and monocytes, or AEC-II which have been shown (in human) to express Kcnjl5 4%
7 AEC-II also produce antimicrobial peptides and pro-inflammatory mediators in response to

infection '%% 7!,

Overall, this transcriptomic data suggests that the loss of endogenous Kcnjl5 expression in AMs
conferred a cholesterol-accumulating gene signature, which may have an effect on intracellular

mycobacterial growth.

4.10  Kcnjl5%° mice do not show enhanced BCG-specific T cell response in the spleen

despite correlation to higher bacterial dissemination and expanded DC population

Increased dissemination of BCG to the spleen (Fig 19B) as well as our observation of expanded
DC populations in the Kcnjl5%° lung (Fig 20B) suggest an effect on antigen presentation and
activation of lymphoid cells, which might then result in increased BCG-specific T cell response.

A heightened effector T cell response could explain improved control of BCG growth in the lungs
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of Kcnjl15%° mice (Fig 19A). To check if BCG-specific T cells were expanded, spleen cells were
harvested and treated with or without purified protein derivative (PPD), which contains a mixture
of mycobacterial antigens (Fig 29A). Intracellular cytokine production was assessed by flow
cytometry (Fig 29B). We found no significant differences between WT and Kcnjl5%° CD4" and
CDS8" T cells in terms of intracellular IFNy and TNFo accumulation (Fig 29C). While there may
have been indications of correlation between lung CFU and spleen dissemination (Fig 19C), the
amount of increase in bacterial load and thus antigen presentation in the spleen may not have been
sufficient to elicit clear enhancements in T cell response to BCG infection in the lung. Expansion
of DC population also does not necessitate additional trafficking of antigens to secondary
lymphoid organs, which we know is impaired or delayed in Mtb infection '**. Perhaps evaluation
of T cell response in the spleen is insufficient to conclude if the effector T cell response was

indeed altered in BCG-infected Kcnjl5%° mice.
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Figure 29. Kcnjl5%° mice did not show increase in mycobacteria-specific spleen T cell response.

A) Experimental workflow for spleen T cell re-stimulation with PPD to detect mycobacteria-specific
response at 14 dp.i. B) Gating strategy for analysis of T cell subsets and their expression of intracellular
cytokines. C) Percentage of CD4" and CD8" T cells that responded to PPD stimulation with production of
mIFNy and mTNFo, detected by intracellular cytokine staining and flow cytometry. Each dot represents
n=1 mice, Mean + SD. Data were analyzed by Two-way ANOVA.

4.11  Summary of Chapter 4

In this section of the study, we used Kcnjl5° mice to examine the function of Kcnjl5 in the
innate immune response to mycobacterial (BCG) infection. Initial examination of immune
populations in WT and BCG-infected mice revealed that the Ly6C" monocyte population was

5%9 mice, which was also observed in the blood of uninfected mice

reduced in the lungs of Kcnjl
(Fig 20B, 23B). Concurrently, an elevated expansion of the macrophage compartment and total
DC compartment was observed in Kcnjl5%° mice through the course of the 14-day infection, the

majority of macrophage increase being contributed by AMs and MCs (Fig 20B).

Furthermore, we demonstrated that at 14 d.p.i, Kcnjl5%° mice were better able to control
mycobacterial infection as less BCG CFU were recovered from the lungs (Fig 19). Additionally,
we found a negative correlation of lung BCG burden with that of spleen BCG burden at 14 d.p.i,
which suggested increased dissemination to peripheral organs in Kcnjl5° mice (Fig 19). This,

however, did not correlate with increased BCG-specific splenic T cell response (Fig 29).

Multiplexed analysis of cytokines/chemokines in lung homogenates at 14 d.p.i indicated that
while infection expectedly increased expression of various cytokines, Kcnjl 5%° mice appeared to
express less cytokines/chemokines overall. CCL2 presence in lung and serum at an earlier
timepoint of 7 d.p.i was not found to be different in Kcnj15%° mice (Fig 22), eliminating the notion
that limited CCL2 might have accounted for the lack of Ly6C™ monocyte recruitment to lungs
(Fig 20). Nonetheless, reduction of overall inflammatory cytokine production correlated with

decreased CFU burden at 14 d.p.i and thus suggests infection resolution (Fig 22).

We also hypothesized that reduced Ly6C™ monocytes in the lung may be attributed to a loss of
egress from the BM reserve, which would lead to their accumulation in the BM. To this end, we
found no obvious accumulation of monocytes and its progenitors in the bone marrow that could
clearly explain the reduced Ly6C™ monocytes (Fig 25, 26), aside from slightly increased BM
Ly6C" monocytes in Kcnjl5%° mice. While reduced Ly6C™ monocytes was also seen in the blood
of naive Kcnjl5%° mice, the same was not observed in BCG-infected Kcnjl5%° mice (Fig 23),
suggesting that under inflammatory conditions, reduction of Ly6C™ monocytes may be occurring
in the lung niche, strengthening the possibility that Ly6C™ monocytes are contributing to
differentiated macrophages and DC pools. To this end, we examined the correlation between

Ly6C" monocyte and macrophage populations and found a significant inverse correlation with
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AM, IM and CD11c" MC populations (Fig 27). CD11c" MCs are noteworthy as they have been
shown to express Nos2 and were previously found to be infected with Mzb at a higher rate than
other macrophage populations. DCs, however, were not found to significantly correlate with
reduction of Ly6C" monocyte (Fig 27). Hence, this suggests that Kcnjl 5%° mice may harbor fewer
lung Ly6C™ monocytes due to an increased differentiation to macrophages during infection. This

hypothesis, however, requires much further experimentation.

Lastly, we considered that Kcnjl 5°° AMs, which reside in the airways most proximal to the initial
onslaught of infection, might possess some enhanced ability to take on bacterial infections.
Transcriptomic analyses of airway AMs revealed that, while AMs may fail to significantly
express or upregulate Kcnjl5 during infection, the effect of Kcnjl5 knockout led to transcriptomic
changes in genes regulating cholesterol transport and metabolism, which could affect

mycobacterial killing or intracellular survival (Fig 28).

In summary, this chapter highlights that the function of Kcnjl5 in different cell types may vary
in response to mycobacterial infection. While experiments with monocytes alone in an in vitro
setting (Chapter 3) may demonstrate that KCNJI5 expression could benefit the control of
intracellular mycobacteria, in vivo experiments which involve the coordinated response of various
cell types suggest, instead, that the loss of Kcnji5 restricts mycobacterial growth in lungs. In this
respect, differential function of human and mouse KCNJI5 in our in vitro and in vivo studies,
respectively, can also be a confounding factor. Furthermore, in reality, Mtb infections are not
limited to monocytes, neither are monocytes the primary infected cells in the lung, therefore it is
more meaningful to look at the role of Kcnjl5 from a systemic perspective. Our mice study thus
suggests that Kcnjl5 expression may be detrimental in the context of acute pulmonary BCG

infection.
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Chapter 5: Extracellular K* in necrotic granulomas enhance mycobacterial Kkilling

via ROS-mediated autophagy
5.1 Mycobacterium-induced necrotic granulomas contain high extracellular K*

Chronic Mtb infection can result in severe lung tissue pathology through the formation of
granulomatous lesions, which have both host-protective and host-detrimental properties % 46%47°:
471 To assess extracellular K* ([K']e ) abundance in the necrotic granulomas resulting from
virulent mycobacterial infection, we employed a zebrafish model of Mycobacterium marinum
(Mm) infection. Injection of virulent Mm in the neural tube of zebrafish embryos resulted in the
formation of typical necrotic granuloma foci along the trunk of the fish at 4 d.p.i *”°. We observed
the same in our experiment with Mm-tdTomato-infected zebrafish embryos (Fig 30A). When
stained with extracellular K™ indicator, IPG-4, (see Methods, section 2.24) infected zebrafish
showed a strong overlap of IPG-4 fluorescence with necrotic granuloma regions in the trunk,
suggesting the presence of high [K']e within necrotic lesions (Fig 30A). Conversely, when
zebrafish were infected with attenuated strain of Mm carrying ESX-1 deletion (which are impaired
in forming necrotic granulomas *’?), IPG-4 staining within bacterial aggregates (a.k.a cellular
granulomas) was not detected (Fig 30A). Since injection of Mm via the neural tube (trunk) route

has been associated with formation of more necrotic and hypoxic granulomas *7%473

, we compared
the quantum of IPG-4 fluorescence in the granulomas of zebrafish injected with tdTomato Mm
either via caudal vein (CV) or trunk. As expected, we observed an increased [IPG-4 fluorescence
in necrotic granulomas which were more frequent in trunk-injected zebrafish compared to CV-

injected zebrafish (Fig 30B).

To study [K']e concentrations within mycobacterial granulomas in mice, we first established a
model of hepatic granuloma formation by i.v. injection of BCG, using IFNy knockout mice. [FNy
knockout mice are more susceptible to mycobacterial infections and have been reported to form
hepatic necrotic granulomas upon BCG infection by i.v '***™ We could not investigate [K']. in
Mib-infected lung tissues because [K']e staining by IPG-4 cannot be performed on PFA-fixed
tissues, and we were unable to remove Mrb-infected mice tissues from a BSL3 facility without
PFA fixation. Histopathological evaluation (H&E staining) of hepatic tissue from IFNy knockout
mice 6 weeks post-infection by BCG showed early signs of tissue pathology with infiltrating
leukocytes forming granulomas with centres showing discolouration and lack of cell structure
(Fig. 30C). When stained with IPG-4, these granulomas revealed regions of high [K']. (Fig 30D).
As a proof of concept that necrosis or cell death indeed results in the release of intracellular K in
the extracellular milieu, we demonstrated that cell lysis leads to elevated [K']. levels that was
proportional to cell numbers (Fig 30E). Taken together, the analysis of K" IPG-4 staining in

Mycobacterium-infected zebrafish and IFNy knockout mice presented a strong indication that
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necrotic granulomas indeed contain high [K']. levels.
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Figure 30. Necrotic mycobacterial granulomas contain high [K]e.

A) 48 h post-fertilisation (hpf) zebrafish embryos were infected with approximately 200 CFU M. marinum-
tdTomato via the neural tube and injected with Smg/mL IPG-4 via the caudal vein at 4 d.p.i prior to imaging.
Yellow (*) marks corresponding fluorescent granuloma regions. Data are from n=2, 9, 7 fish per group. B)
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IPG-4 fluorescence from granulomas of zebrafish injected with M.m via the caudal vein or neural tube
(trunk). Data represents a total of n=25-26 fish. Each dot in A and B represents n=1 granuloma. C)
Representative image of a BCG-infection induced hepatic granuloma from IFNy”~ mice. D) Representative
image from a liver section of i.v. BCG-infected IFNy”~ mice visualized by brightfield, hematoxylin & eosin
staining and IPG-4 staining. E) Scatter plot showing correlation between numbers of primary monocytes
(left) and monocyte-derived macrophages (MDMs) (right) lysed in 50pL of media and the resulting
extracellular K* ([K*]e). Images in A and for B were captured at 20X magnification. Images in C and D
were captured at 400X magnification. Data in A was analyzed by One-way ANOVA, and data in B was
analyzed by Unpaired t-test. Data in E is analyzed by simple linear regression. Mean + SD are represented.
Zebrafish experiments were conducted in collaboration with Kathryn Wright, Dr Stefan Oehler Lab,
Centenary Institute.

5.2 Extracellular K* restricts mycobacterial growth in human monocytes/macrophages

To investigate the effects of high [K']c on myeloid immune cells which are present in
mycobacterial granulomas '**, we adopted an in vitro experimental approach. Eil et al. previously
reported that K™ concentrations in the necrotic core of solid tumours reached up to 40mM *7.
Therefore, we first treated monocytes with variable concentrations of [K']e and evaluated
intracellular K™ ([K'];) using anintracellular K ion indicator, IPG-4 (AM salt), by flow cytometry
(Fig 31A). Adminstration of 20mM and 60mM of [K*]. to THP-1 monocytes resulted in mean
150mM to 165mM [K'];, which was higher than [K']; of 130mM in control cells which were
cultured in complete RPMI medium that contains ~5mM of K™ (Fig 31B).

We next assessed the effect of [K']. (added as KCl) on intracellular bactericidal activity of
monocytes and macrophages. We found that 60mM of [K*]. but not 20mM was able to restrict
Mtb growth in THP-1 cells that was sustained till 48h (Fig 31C). We then used 60mM of [K*]e in
subsequent experiments. 60mM [K*]. was able to restrict the growth of both Mtb and BCG after
24h infection in primary monocytes as well (Fig 31D, E). A similar effect of 60mM [K*]e was
observed in BCG-infected THP-1 monocytes and human monocyte-derived macrophages
(MDMs) (Fig 31F,G). To ensure that [K"].-mediated restriction of mycobacterial growth was not
attributable to host cell death, we evaluated cell viability. No major cytotoxic effect of 60mM
[K*]e on THP-1 monocytes was observed by trypan blue staining (Fig 32H). Similarly, there was
no significant effect of 60mM [K']e on cell death of primary monocytes evaluated using
LIVE/DEAD staining and flow cytometry (Fig 31I). Furthermore, to demonstrate that restiction
of mycobacterial growth by [K*]e, was not a result of chloride (CI") ions in the KCl solution added,
we treated BCG-infected primary monocytes with 60mM of potassium D-gluconate (KGlu).
KGlu also resulted in the decrease in bacterial burden in BCG-infected primary monocytes (Fig
31J). We also ensured that increasing [K '] concentrations were neither directly bactericidal nor
bacteriostatic to BCG (Fig 31K), while using anti-Mtb antibiotic, isoniazid (INH) as a positive
control. In summary, our data suggests that high [K']c can restrict intracellular growth of

mycobacteria.
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Figure 31. High [K*]. promotes monocyte/macrophage restriction of mycobacterial growth.

A) Representative scatter plot depicting the intracellular [K*] detected by IPG-4 K" indicator (AM salt),
when THP-1 monocytes are treated with 20mM and 60mM [K*]., against a standard curve generated by
Amphotericin B treated cells exposed to varying [K*]e (left). B) Intracellular [K*] at 5, 20 and 60mM [K*]e
are depicted in boxplot (n=2 expt). Mean with min. and max. values represented. C) Mtb growth in infected
THP-1 treated with 20mM or 60mM [K*']e over 48h. (n=1 expt) D) Growth of Mtb in CD14" primary
monocytes treated with 60mM [K*]e. Growth of BCG in E) human monocytes F) THP-1 monocytes and
G) monocyte-derived macrophages (MDMs) treated with 60mM [K*]e . H) Percentage of cell death of
THP-1 monocytes infected with BCG and exposed to 60mM [K*]c after 24h, detected by Trypan blue assay.
I) Percentage of cell death of human monocytes after 24h of treatment with 60mM [K']e evaluated by
LIVE/DEAD viability dye using flow cytometry . J) Growth of BCG in human monocytes treated with
60mM potassium chloride (KCl) or potassium D-gluconate (KGlu) (n=2). K) Growth curve of BCG over
10 days in 7H9 culture media supplemented with varying [K*]ec and [Na']e. Isoniazid (INH) was used as a
positive control. D-G, K are reported as fold change of CFU 24 hr vs 0 hr. All experiments were performed
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thrice or with n>3 donors unless otherwise stated. Data in C was analyzed by Two-way ANOVA. Data in
D, E, G, I were analyzed by Paired #-test. Bar graphs represent Mean + SD.

5.3 Extracellular K* restricts mycobacterial growth by inducing autophagy via Akt-
mTOR pathway

In order to determine the mechanism(s) by which [K']. restricted intracellular replication of
mycobacteria, we first evaluated the [K'Je-treated infected cells for autophagy induction, which
is required for an effective control of intracellular pathogens *’°. Of note, the role of autophagy in
control of mycobacteria by monocytes and macrophages is well known and perturbations in the
autophagy network have previously been associated with Mth virulence ' *7 *7*  In our
experiments, high [K']e induced autophagy, as assessed by upregulation of lipidated form of LC3
(LC3II, an autophagosome marker) in uninfected and BCG-infected monocytes (Fig 32A). We
further found a [K"]-mediated increase in LC3II puncta in Mtb-infected THP-1 monocytes (at
4h), which was further increased with Bafilomycin A treatment, indicating enhanced autophagic
flux (Fig 32B). The [K'].-mediated induction of autophgy flux was also observed by western
immunoblotting of LC3II in uinfected cells (Fig 32C). Blocking autophagy by siRNA-mediated
silencing of ATGS gene, which is crucial for the formation of autophagosomes in both canonical
and non-canonical autophagy *”°, abolished [K'].-mediated restriction of Mtb growth (Fig 32D).
Indeed, inhibition of autophagy with 3-MA, an inhibitor of class III PI3K (PI3 Kinase), partially
limited high [K']. mediated reduction of mycobacterial CFU (Fig 32E). In summary, we show
that high [K"]e-mediated restriction of mycobacterial growth is attributed to [K']c-mediated

autophagy induction.

The most commonly understood cellular signaling pathway that culminates in autophagy
induction is the Akt-mTOR pathway, where inhibition of mTOR relieves suppression of
autophagy, leading to the phosphorylation of ULK1 *** 8! (Fig 32E). This results in the assembly
of the autophagosome which comprises the conjugation of ATG12 to ATGS and the lipidation of
LC3I to LC3II, elongating and decorating the autophagosomal membrane respectively ****%_ As
phosphorylation is a rapid event, we exposed primary monocytes to high [K']. for 1h and observed
[K"]e-dependent inhibition of phosphorylation of Akt, mTOR and its downstream target S6 (Fig
32F). Taken together, these data indicate that high [K']. exposed monocytes/macrophages have
enhanced autophagic flux through inhibition of the Akt-mTOR pathway, which could contribute

to restriction of mycobacterial growth.
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Figure 32. High [K'].—mediated mycobacterial restriction in monocytes is dependent on autophagy

induction.

A) Western immunoblot of human monocytes infected with BCG and treated with 60mM [K']. and
quantification of LC3II band densitometry. B) Immunofluorescence staining for LC3II puncta in mCherry-
H37Rv-infected THP-1 monocytes treated with 60mM [K*]e with or without Bafilomycin A (BafA) for 4h.
C) Western immunoblot of primary monocytes treated with 60mM [K*]. with or without 100nM BafA for
24h. BafA was added 4h prior to cell lysis. D) Fold change of H37Rv Mtb CFU enumerated from 24h-
infected THP-1 monocytes transfected with Control or ATGS5 siRNA and treated with 20 and 60mM [K*]e
(compiled data of n=2 experiments). E) Fold change of BCG CFU from 24h-infected human monocytes
treated with 60mM [K*]. with or without 3-MA inhibitor treatment. 3-MA was added 30 min prior to 60mM
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[K*]e treatment. F) Schematic of canonical PI3K/Akt/mTOR phosphorylation signaling pathway that leads
to the formation of autophagosome. G) Flow cytometry detection of phospho-Akt/mTOR/S6 in human
monocytes after 1h treatment with 60mM [K*]e. Data is shown as MFI — Mean Fluorescence Intensity. Data
in A, E were analyzed with One-way ANOVA. Data in D was analyzed with Two-way ANOVA. Data in
G was analyzed with Paired t-test. All experiments were performed thrice or with n>3 donors unless
otherwise stated. Bar graphs represent Mean + SD. In vitro Mtb-infection experiments were conducted in
collaboration with Surbhi Verma, Dr Dhiraj Kumar Lab, ICGEB.

5.4 Transcriptomic analysis suggests extracellular K* induces oxidative stress response

To gain further mechanistic insights into high [K']e-mediated induction of autophagy, we
conducted a genome-wide transcriptomic analysis of high extracellular K™ treated M¢b-infected
primary monocytes (n=4 donors) (Fig 33A). PCA of the expression profiles of 16 samples among
four groups showed that the transcriptome of primary monocytes was affected both by Mtb
infection and high [K]. treatment at the 24h timepoint (Fig 33C). To better decipher the effect of
high [K']., differential gene expression (DEG) analysis was performed (Fig 33B). The union of
8284 DEGs across all 4 groups were represented by a hierarchical clustering heatmap, which
separated genes into six clusters (R1-R6; Fig 33D). Among these Clusters R1, R3 and R4 were
largely altered by Mib infection and clusters R5 and R6 were modulated by high [K']. (Fig 33D).

Mitb infection-specific clusters demonstrated expected transcriptomic changes, such as the
upregulation of an array of pro-inflammatory genes such as Ifing, 1/1b, 116, and various chemokines
in Clusters R3 and R4. Likewise, Mtb infection led to a downregulation of various mitochondrial
genes represented in Cluster R1. Notably, Mtb infection has been shown to cause mitochondrial

dysregulation and metabolic shifts in host cells ¥ 8% 48,

Interestingly, Cluster RS represented genes downregulated by high [K']e, consisting of genes
involved in antigen presentation such as Ciifa and numerous HLA genes. Cluster R6 conversely
grouped genes upregulated by high [K']. and included genes involved in cellular motility,

proliferation and related signaling pathways such as GTPases Rac2 and RhoA **',

Analysis of the mean expression of genes across the clusters identified Cluster R2 to constitute
genes that were upregulated by Mtb infection, and their expression was further augmented upon
[K']e treatment (Fig 33E). This trend was found to be similar to the induction of LC3II i.e.
autophagy induction which was increased by BCG infection and was further enhanced by high
[K']e (Fig 32A). Thus, we focused our further analyses on Cluster R2. We hypothesized that
cluster R2 genes would reveal a mechanism behind the increase in autophagic flux observed in

Mtb-infected cells when exposed to high [K']. (Fig 33A,B).

Notably, pathway analysis of genes found in Cluster R2 highlighted the enrichment of genes

partaking in oxidative stress response and cholesterol biosynthesis pathways (Fig 33F).
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Figure 33. Transcriptomic analyses of Mtb-infected human monocytes treated with high [K']..

A) Experimental outline for collection of human monocyte samples for RNA-sequencing and H3K27ac
ChIP-sequencing (N=4 donors). B) PCA of RNA-seq data of human monocytes uninfected or infected with
H37Rv Mtb, untreated or exposed to 60mM [K*]e for 24h. C) RNA-seq analysis pipeline. D) Hierarchical
clustering analysis of RNA-seq data, FDR<0.05, LogaFC>|1|. Key genes from each cluster are listed on the
right. E) Box plot showing mean expression of genes derived from Cluster R2. Median with min. and max.
values are represented. E) Top 10 Canonical Pathway enriched in 1729 Cluster R2 genes using Ingenuity
Pathway Analysis (IPA). Data in E is analyzed by One-way ANOVA.
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A number of studies associate the induction of reactive oxidative species (ROS) and cholesterol
production in different contexts, but their precise relationship remains elusive ***. For example,
increase in mitochondrial H>O, efflux led to enhanced cholesterol biosynthesis via SREBP-2
transcription factor activation in hepatocytes **°. Indeed, another study showed short term
treatment of hepatocytes with H,O- also led to HMG-CoA activation, a rate-limiting step in
cholesterol biosynthesis, and this was associated with AMPK activation **°. Treatment with
xanthine oxidase, which can produce ROS, also led to enhanced cholesterol biosynthesis in
neuroblastoma cell line **’. While we did not further investigate the effect of high [K']. on
cholesterol biosynthesis in our present study, it may prove to be interesting since Mtb is known
to utilize host cholesterol for intracellular growth and dormancy***”* | although this should, in

theory, promote mycobacterial survival instead.

Interestingly, Cluster R2 genes were also enriched for HIF1a and hypoxia signaling pathways.
Although HIF1la is traditionally understood to be a hypoxia response element, its functions are
not limited to cellular adaptation to changes in oxygen concentrations. While older studies
indicate that mitochondrial ROS (mROS) stabilizes HIFla during hypoxia, newer studies
suggested that the role of ROS in HIFla stabilization is controversial in hypoxia although it is
fairly well-established in normoxic conditions 494 Recently, it was also found that NRF2, which
is activated during oxidative stress, binds to an antioxidant response element upstream of HIF1a

and induces its transcription **°

. We looked into the normalized gene expression of HIF1A4 in our
RNA-seq dataset and indeed we found increased expression of HIF14A mRNA in [K']. exposed
uninfected and Mtb-infected monocytes (Fig 34A). Quantification of intracellular HIF1a protein
at 24h post-treatment showed a trend towards accumulation in [K']e exposed uninfected

monocytes (Fig 34B).

HIF1a has a short half-life and is continually degraded by prolyl hydroxylases, but its degradation
can be inhibited by ROS, thereby permitting its nuclear localization ***. We found that indeed, at
only 1h of [K']e exposure, HIFla nuclear localization was evident, a phenomenon that was
partially inhibited by NAC (ROS quencher) (Fig 34C, D). Inhibition of HIFla accumulation and
transcriptional activity with CAY 10585 only trended toward partial inhibition of [K"]e-mediated
LC3II accumulation (Fig 34E). This suggests that [K']. exposure leads to both an increased
expression of HIFla as well as its partial ROS-dependent stabilization and transcriptional
activation, which may contribute to some extent to the formation of autophagosomes, as reported
earlier ***. However, inhibiting HIF1o. by CAY 10585 did not abolish [K].-mediated restriction
of mycobacterial growth (Fig 34F). Furthermore, siRNA-mediated silencing of HIF1A in THP-1
monocytes also failed to abolish the [K'Je-mediated restriction of mycobacterial growth (Fig
34G). This data suggests that though [K']. induces HIF 1o activation and translocation into the

nucleus, it may not be pivotal for [K ]e-mediated restriction of mycobacterial growth.
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In summary, the transcriptomic analysis of uninfected and Mtb-infected monocytes exposed to
high [K"]. indicated that oxidative stress could be a primary mechanism that activates autophagy

most likely directly and not through HIF1a signaling.
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Figure 34. [K'|c—mediated HIF1o activation is ROS-mediated but does not contribute directly to
mycobacterial killing.

A) Log2(RPKM) values of HIF1A transcripts attained from RNA-seq dataset across four groups. B) Flow
cytometry of human monocytes untreated or exposed to 60mM [K*]e for 24h and stained with anti-HIF 1 a-
PE for intracellular HIFla detection. C) Immunofluorescence images of monocytes treated with 60mM
[K*]e with or without NAC treatment. 5SmM NAC was added 30 min prior to 60mM [K*]e treatment. D)
Percentage of cells containing observable HIF1a-AF488 puncta within nuclei (Hoescht)-stained regions
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were calculated per field. Five fields were analyzed with an average of 44 cells in each field. E) Western
immunoblotting of LC3II in monocytes treated with 60mM [K']e with or without 10uM CAY10585
inhibition. CAY 10585 was added 30 min prior to 60mM [K*].. Band densitometry is quantified in the graph
(right). F) Fold change of CFU from monocytes infected for 24h with BCG and treated with 60mM [K*]e
with or without CAY 10585 inhibition. G) Fold change of CFU from 24h BCG-infected Negative control
(Control®P) or siRNA-mediated knockdown of HIF1A (HIF10XP) THP-1 monocytes (n=2). Data in B was
analyzed by Paired t-test. Data in A, D, E and F were analyzed by One-way ANOVA. Data in G was
analyzed by Two-way ANOVA. All experiments were performed thrice or with n=3 donors unless
otherwise stated. Data are represented as Mean + SD.

5.5 Extracellular K* disrupts membrane potential and causes mitochondrial oxidative

Stress generation

Our transcriptomic investigation indicates [K'Je-mediated induction of oxidative stress in
monocytes, which could be due to production and accumulation of ROS in cells. Of note, ROS
production can also result in restriction of intracellular mycobacterial growth **®. Therefore, we
assessed for the production of ROS in [K Je-exposed cells. [K']. treatment selectively induced the
production of mROS within just 1h of [K']. exposure (Fig 35A, detected by MitoSOX Red),
whereas cytoplasmic ROS were not elicited at this early time point (Fig 35B, detected by CM-
H2DCFDA).

When cells were exposed to high [K']. till 24 hours, we noticed some induction (not significant)
in cellular ROS levels, whereas the increase in mROS became less prominent (Fig 35A, B right).
This data suggested that at early exposure to high [K"]., the mitochondria begin to generate ROS
which may have eventually diffused into the cytoplasmic space, or that NADPH oxidase
production of cytoplasmic ROS may have occurred over time. Increase in oxidative stress within
the cell that persisted over 24h explains the prominent upregulation of antioxidant response genes
(such as Nqgol, Txnrdl, Gclc) in cluster R2 of the transcriptomic data. Generation of mROS in
high [K']. exposed cells might be due to the influx of K™ into the intracellular pool and eventually
into the mitochondria, compromising normal mitochondrial function. Indeed, high [K']e led to the
depolarization of mitochondrial membrane potential in monocytes as detected by TMRM at 1h
(Fig 35C), which correlated with significant depolarization of cell plasma membrane, as detected
by DIBAC4(3) (Fig 35D). Taken together, our data suggests that high [K']. exposure leads to K*
influx into the cell that might enter the mitochondria, causing mitochondrial depolarization and

mROS generation.
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Figure 35. High [K*]. depolarizes the mitochondrial membrane and induces mROS.

A) Flow cytometry of human monocytes untreated or exposed to 60mM [K*]. for 1h (left) and 24h (right)
and stained with A) MitoSOX Red and B) CM-H2DCFDA. Flow cytometry of monocytes untreated or
exposed to 60mM [K']e for 1h and stained with C) TMRM and D) DiBAC4(3). Data in A-D were analyzed
by Paired t-test. All experiments were performed with n=3 donors.

5.6 Extracellular K* leads to mitochondrial dysfunction

Mitochondrial membrane potential perturbation is a strong indicator or instigator of compromised
mitochondrial fitness and mitochondrial bioenergetics **’. Using the Mito Stress Test extracellular
flux assay, we examined various parameters of mitochondrial respiration and metabolism in
monocytes exposed to high [K']. (Fig 36A). We found that high [K"]e exposed primary human
monocytes had reduced oxygen consumption rate (OCR) - an indicator of OXPHOS (Fig 36B).
Importantly, [K"]e exposed human monocytes showed a trend of decreased basal and maximal
OCR, which was linked to reduced proton (H") leak, as no change in ATP synthesis was observed
(Fig 36C). The maximal OCR represents the ability of the cells to respond to increased energy
demand when FCCP is administered, allowing maximal electron flow through the electron
transport chain, reaching peak oxygen consumption (Fig 36A). [K']c-exposed human monocytes

also showed reduced SRC (p = 0279, in response to FCCP stress) and a trend of decreased non-
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mitochondrial respiration (Fig 36C). SRC symbolizes mitochondrial spare reserve capacity,
which may be limited by the number of functional mitochondria present in cells. Overall, this data

uggests that high [K']. limits mitochondrial respiration of monocytes.
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Figure 36. High [K*]. causes mitochondrial dysfunction and loss of mitochondrial mass.

A) Exemplar profile of Mito Stress test and quantified parameters of mitochondrial respiration (taken from
Agilent). B) Representative oxygen consumption rate (OCR) profile from Mito Stress test of human
monocytes untreated or treated with 60mM [K*]e. C) OCR values attributed to each parameter of Mito
Stress test between untreated and 60mM [K*]. conditions. D) Quantification of mitochondrial mass by flow
cytometry of human monocytes stained with MitoTracker Green after 24h of exposure to 60mM [K*]e. E)
Flow cytometry of human monocytes stained with MitoTracker Green after 24h of exposure to 60mM [K*]e
with or without Wortmannin inhibition. Wortmannin was added 30min prior to 60mM [K*]e. Data in C and
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D was analyzed by Paired t-test. Data in E was analyzed by One-way ANOVA. All experiments were
performed with monocytes from n=3 donors.

The above mitochondrial respiration data aligns with our finding of reduced mitochondrial
potential in [K']. exposed monocytes (Fig 35C), as K" ions flooding into the mitochondrial matrix
would dissipate the potential, reducing the negative charge that would typically incite H™ leak.
Inhibited H" leak would logically boost ATP production which was, however, not observed,

possibly since the effect of H leak on overall OCR was small.

We next evaluated the total mitochondrial mass and demonstrated that high [K"]. exposure led to
a reduction of mitochondrial mass in monocytes at 24h (Fig 36E, MitoTracker Green staining).
Importantly, the reduction in high [K']. induced mitochondrial mass was rescued by treatment
with autophagy inhibitor Wortmannin (Fig 36F), suggesting that mitophagy (form of
mitochondrial-specific autophagy) may be responsible for the loss of mitochondrial mass (Fig
36E) and in turn, spare metabolic capacity (Fig 36C), which is needed to increase oxygen
consumption when stressed with FCCP treatment. In summary, high [K']e allowed K' ion
movement into the mitochondria, causing dysfunction by disrupting ionic gradient-sensitive
metabolic mechanisms. Indeed, high [K"]e-mediated perturbation of mitochondrial potential is
also a potent signal which may have triggered mitophagy for the clearance of dysfunctional

mitochondria #7 %,

5.7 Extracellular K* mediates H3K27ac epigenetic regulation of oxidative stress
response genes

It is known that the transcriptomic changes in host immune cells during perturbations and
infections could be chromatin-mediated **° 3% 51592 Eyrthermore, oxidative stress, which was
enriched among cluster R2 genes (Fig 33D), can affect the expression of genes via epigenetic
modulation % 3 5% Moreover, NRF2, which is induced by oxidative stress helps in the
recruitment of histone acetyltransferase CREB binding protein (CBP) to the promoters of
antioxidant response genes °* *’. Oxidative stress was also shown to activate anti-cancer
oxaliplatin-induced autophagy through H3K27ac (Histone H3 acetylation at lysine 27)-mediated
expression of NORAD *%. Hence, we hypothesized that high [K']e-mediated mROS generation
(Fig 35A) could also result in changes at the chromatin level. We, therefore profiled genome-
wide H3K27ac, which is a well-established chromatin signature of active enhancers and

309:519and also correlates with gene expression *'!. ChIP-sequencing was used to profile

promoters
H3K27ac (See Methods and del Rosario et al. *'') in high [K*]c-exposed primary monocytes (Fig

37A, same set of donors as for transcriptomic investigation Fig 334).
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Consensus H3K27ac peaks were evaluated for differential histone acetylation (differential peak
height), among infected and high [K'].-treated samples, to identify infection- and high [K'].-
associated changes in regulatory elements i.e differentially acetylated (DA) peaks (Fig 37A). In
total, we identified 3729-13618 DA peaks in each combination of differential analysis (between
4 groups, total six differential analyses; Fig 37B). This resulted in 252-12151 unique DA peaks
across different comparisons, totaling to 31200 DA peaks (Fig 37B). PCA analysis on this unique
31200 H3K27ac peak set demonstrated an overall chromatin divergence between infected and
high [K"]e-treated monocytes (Fig 37C). These epigenetic perturbations are similar to what we
saw in transcriptomic investigation, where the transcriptome of monocytes was affected both by

Mtb infection and high [K']. treatment (Fig 33C).

We next annotated the unique DA loci to protein coding genes (+100kb from gene TSS) and
performed hierarchical clustering. This resulted in identification of 6 unique clusters, C1-C6 (Fig
37D). Cluster C2 comprised genes that had decreased H3K27 acetylation upon Mtb infection,
comprising genes such as Icam3 and Pxn which were associated with cell adhesion and migration.
Cluster C3 genes had reduced acetylation upon both Mtb infection and high [K']. exposure and
were related to cell signaling for motility and projection formation (Dmn3, Rhou, Vcl). Cluster
C5 genes had upregulated H3K27ac peaks that were largely [K'Je-specific and interestingly
included immune activation-related genes such as ltgam and Tlrl, and apoptosis-related genes
like Casp2 and RipkI. Cluster C6 harbor genes that had reduced H3K27 acetylation by high [K']e
only in the context of infection. These C6 genes were involved in T cell activation and regulation
such as Cd28 and Lck. Clusters C1 and C4 were closely clustered, both comprising genes that
were increased in acetylation with high [K™]e, with C1 and some C4 genes seeming to be also

enhanced during infection (Fig 37D).

In order to investigate the correspondence between histone acetylation changes and differential
gene expression, we integrated the genes among the differential clusters of RNA-seq and ChIP-
seq datasets. We observed moderate correlation between RNA-seq and ChlP-seq clusters (Fig
37E), which could be due to lower signal-to-noise ratio among two different techniques as
observed by us and others before 2'"-*'?, In particular, we observed that genes in RNAseq cluster
R2 intersected most significantly with genes in ChIP-seq Clusters C1 and C4 (Fig 37E, p values:
CI - 1.05E-20, C4 - 1.92E-37). Interestingly, we found a number of antioxidant response-related
genes such as Gcele, Gstm and Gsto2 (glutathione transferases) within C1 and C4 clusters, which
had increased H3K27ac promoter peaks in high [K']. treated cells (Fig 37F). This was correlated
with increased expression (RNAseq reads) of those genes in high [K']. treated cells (Fig 37F). In
summary, our data suggests that high [K']. causes the production of ROS that activates the

antioxidant response system both at an epigenetic and transcriptomic level.
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Figure 37. Epigenetic profile of Mtb-infected human monocytes treated with high [K*]. via H3K27ac

ChIP-sequencing.

A) H3K27ac ChIP-seq analysis pipeline. B) Table detailing numbers of differentially acetylated (DA) peaks
obtained among all comparisons of the four sample groups as well as annotated unique genes for analysis.
U — Uninfected cells; M — Infected cells; U+K - 60mM [K*]e-treated uninfected cells; M+K - 60mM [K*]e-
treated infected cells. C) PCA plot of DA peaks by edgeR across all comparisons. D) Hierarchical clustering
analysis generated from the binding matrix derived for DA genomic regions associated with the extracted
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protein coding genes. FDR<0.05, Log.FC>|1|. Key genes from each cluster are listed on the right. E) Dot
plot representing the percentage of overlap between DEGs in ChIP-seq and RNA-seq clusters and the
derived p-values using hyper-geometric distribution for the same. F) Genome tracks aligning RNA-seq
transcripts and ChIP-seq H3K27ac peak loci from uninfected primary monocyte samples untreated (Grey)
or administered with 60mM [K*]e (Blue). Red bar represents DA genomic loci.

5.8 Induction of autophagy by extracellular K* is dependent on ROS induction

Our transcriptomic and epigenetic investigation points to the generation of significant oxidative
stress following exposure of monocytes to high [K'].. However, we did not find any clear
upregulation of autophagy pathway-related genes in our H3K27ac profiling in high [K']. treated
cells, which was assessed at 24h time point. Therefore, it is likely that autophagy was regulated
at an early timepoint at the protein level. We therefore examined the induction of autophagy as a
direct consequence of high [K'Je-induced ROS production. As observed previously (Fig 32A, C),
high [K']e induced accumulation of LC3II in primary human monocytes, and this was abolished
by treatment with N-acetyl cysteine (NAC, ROS quencher) (Fig 38A). Likewise, NAC also
prevented the reduction in phosphorylation of S6 protein (Fig 38B), a downstream mTOR target,
dephosphorylation of which was found to be dependent on high [K']. (Fig 32F). Importantly,
NAC partially abolished high [K"].-mediated reduction of mycobacterial growth (Fig 38C). ROS
has been shown to induce autophagy through modulating Akt/mTOR phosphorylation although
the exact mechanism is not well understood *'*-*'**!>, Moreover, ROS can also trigger autophagy
by indirectly activating AMPK through affecting cellular energy balance >'°. Taken together, this
analysis and the above data suggest that ROS are a key driver of high [K"].-mediated autophagy

induction and restriction of mycobacterial growth in monocytes/macrophages.
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Figure 38. [K*].—mediated autophagic killing is mediated by ROS induction.

A) Western immunoblot for LC3II from primary CD14" human monocytes exposed to high [K*]e with ROS
scavenging by 5mM NAC. NAC was added 30 min prior to 60mM [K']e. Bar graph demonstrating
densitometric analysis of LC3II band relative to B-actin is shown (right). B) Western immunoblot for
phosphorylated-S6 from human monocytes exposed to high [K*]e with ROS scavenging by 5mM NAC.
Bar graph demonstrating densitometric analysis of pS6 band relative to p-actin is shown (right). C) Fold
change of BCG CFU after 24h of infection with and without exposure to 60mM [K*]e. and 5mM NAC.
Data was analyzed with One-way ANOVA. All experiments were performed with n>3 donors. Data are
represented as Mean + SD.

5.9 Administering high K™ improves mycobacterial control in vivo in zebrafish.
g g

Our in vitro data demonstrated that elevated [K']. can improve control of intracellular Mtb/BCG
growth. We thus hypothesized that increasing systemic K™ may provide some benefit to the host
in terms of infection or regulation of inflammation. We first used the zebrafish-Mm infection
model to test the benefits of increasing systemic K*. Wasabi-Mm infected zebrafish embryos were
cultivated in medium containing 10mM KCI for 4 days (Fig 39A). We found that KCI exposed
zebrafish had enhanced ability to control intracellular Mm growth (Fig 39B), which was
independent of any direct effect of KCl on Mm (Fig 39C). Further experimentation is needed to
decipher if there was indeed high extracellular K™ in the fish as a result of treatment and determine
the molecular mechanism that might have resulted in improved bacterial control in high KCI-

exposed zebrafish.
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Figure 39. Administering high K" enhances mycobacterial control in vivo in zebrafish.

A) Schematic of zebrafish infection at 48 hours post-fertilization and injection of Mm-Wasabi followed by
incubation in E3 medium containing 0 or 10mM additional KCI. Embryos were imaged at 4 d.p.i. and
bacterial area was quantified. B) Representative images of zebrafish incubated in 0OmM or 10mM KCI-
containing E3 medium. White areas correspond to bacterial aggregates of Mm-Wasabi. Images are taken at
20X. C) Area of Mm-Wasabi in zebrafish embryos at 4 d.p.i. Each dot represents n=1 zebrafish. D) Growth
curve of Mm-Wasabi over 10 days in vitro in 7TH9 medium supplemented with 40-120mM KCI or 60mM
NaCl or Rifampicin (positive control). Data in C was analyzed by Unpaired #-test, Mean + SD are
represented. Zebrafish experiments were conducted in collaboration with Ria Sorayah, Dr Stefan Ochler
Lab, A*STAR ID Labs.
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5.10  Administering high K= enhances inflammatory responses and may improve

control of mycobacterial infection in mice

Seeing encouraging results in KCl-treated Mm-infected zebrafish (Fig 39), we investigated the
effect of high K™ in a mouse model of TB **. To this end, we used normal K" diet and high K*
diet regimens (see Methods; Fig 40A). Wild-type C57BL/6 mice were started on the respective
diets 3 days before aerosol infection with Mtb (Fig 40A). Upon infection mice were maintained
on the respective diets. Mtb-infected mice maintained on high K™ diet showed a slight trend of

reduced bacillary load in the lung at 15 d.p.i (Fig 40B).
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Figure 40. Administering high K* diet to M¢b-infected mice enhances inflammatory responses and
may restrict Mth burden in vivo.

A) Schematic of dietary K™ experiment in mice, where diet was initiated 3 days prior to aerosol H37Rv Mtb
infection (200 CFU), followed by 15 days of diet maintenance and sacrifice of animals. B) Mth CFU
enumeration in lungs of mice maintained on normal or high K* diet. C) Radar plots of inflammatory
cytokine and chemokines detected in lung homogenates. Values represent fold-change of the average of
analyte concentration in each group compared to that of uninfected, untreated mice (Grey — Normal K* diet;
Red — High K" diet). Green (*) represent analytes that were significantly increased in high K* diet-fed mice,
Unpaired #-test. D) Lung macrophage and E) dendritic cell populations at 15 d.p.i represented as a
percentage of CD45" cells. In B and D, each dot represents n=1 mice. F) Representative H& E-stained lung
tissue sections from Mib-infected mice maintained on normal or high K* at 15 d.p.i. Images were acquired
at 40X. Data in B-D were analyzed by Unpaired #-test. Data are represented as Mean + SD. In vivo Mtb-
infection experiments were conducted in collaboration with Priya Sharma, Dr Dhiraj Kumar Lab, ICGEB,
New Delhi.

Multi-analyte quantification in lung homogenates showed that mice maintained on high K™ diet
had elevated pro-inflammatory cytokines and chemokines in the lungs (Fig 40C). Importantly,
we found significant increase in IL-6 in mice maintained on high K™ diet, which has been shown
to be required for protective innate immune responses in mice infected with Mtb *". IL-31, GM-
CSF and IL-17A, which have been shown to promote immune control of Mtb and other bacterial

318.519.520 ' were also increased in the lungs of mice maintained on high K* diet. We also

pathogens
found significant increase in CCL2, CCL3, CCL4 and CCLS5, chemokines that contribute to
inflammatory Ly6C™ monocyte recruitment to the tissues '™, Since infiltration of myeloid cells
expressing inflammatory cytokines and chemokines into the tissues can dictate formation of TB

granuloma and regulate disease outcome 2! 32

, we surveyed the myeloid immune populations in
the lungs. Lung cells from high K" diet treated Mtb-infected mice demonstrated increased IMs
and MCs (Fig 40D). Indeed, IMs have been depicted as host-restrictive macrophages in Mtb-
infected mice **>. We also noticed an increase in CD11¢"MHC-II" DCs in the lung of high K*
diet-exposed Mtb-infected mice (Fig 40E), which may suggest an effect on adaptive immune
activation. Histopathological evaluation of the lungs, however, did not demonstrate any effect of
high K" diet on lung pathology (Fig 40F). This could be because mice were sacrificed at 15 d.p.i,

an infection timepoint at which TB lung pathology is generally not developed *’'.

Taken together, the in vivo experiments suggest that increasing systemic K" levels appear to
bolster control of mycobacterial growth (observed in zebrafish) and may initiate an early
recruitment of restrictive phagocytes by the production of heightened pro-inflammatory mediators

(observed in mice).
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5.11  Summary of Chapter 5

Necrotic granulomas are characteristic of chronic pulmonary TB disease and allow Mtb to exit
from its dormancy, likewise the bacteria can become transmissible in the airways ***. When
necrosis begins to happen, infected cells undergo cellular rupture, releasing M¢b and intracellular
contents in the surrounding. In this chapter, we evaluated if the necrotic lesion microenvironment
contained high [K']. resulting from released intracellular K*, and if a milieu of high [K"]. could

affect the property of immune cells in their ability to restrict mycobacterial growth.

Applying a zebrafish model of Mm infection, we showed that necrotic granulomas contained high
[K"]e, which was not observed in non-necrotic granulomas formed during infection with AESX-
1 Mm (Fig 30A). Similarly, hepatic granulomas formed in BCG-infected IFNy”~ mice harbored
elevated [K']. (Fig 30D). This demonstrated that necrosis in mycobacterial granulomas could

result in a high [K']. microenvironment.

We then wanted to understand the mechanistic effect of high [K']. on infected immune (myeloid)
cells. We found that high [K"]c aided monocytes and macrophages in restricting Mtb/BCG growth
via autophagy induction that was mediated by Akt-mTOR signaling (Fig 31, 32). Transcriptomic
and epigenetic analysis subsequently indicated that high [K']. elicited an antioxidant response in

monocytes, suggesting the involvement of ROS generation (Fig 33, 37).

Specifically, we illustrate that high [K'] led to an influx of K* ions into the cell which also
permeated the mitochondria and impeded metabolic processes that relied on the maintenance of
electrochemical gradients (Fig 35, 36). Such mitochondrial perturbation correlated with mROS
generation, which was partially necessary for restricting mycobacterial growth via autophagy and
possibly mitophagy (Fig 35, 36). Additionally, while it may be practically difficult to accomplish,
heightening systemic K™ may have varying effects on mycobacterial control and the inflammatory
response during infection (Fig 39, 40). A summary of the elucidated K induced mechanism is

provided in Figure 41.

This study highlights the importance of understanding the necrotic granuloma niche as an
environment which exists at the interface of pathology and transmission of infective bacteria.
While K' is the most abundant intracellular cation, the release of other intracellular contents
during necrosis can have other wide-ranging effects, which remain to be investigated.
Nonetheless, we demonstrate that a high [K']e milieu can lead to mitochondrial disruption, ROS

and autophagy induction which could aid in limiting mycobacterial growth.
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Chapter 6: Discussion and Future Directions

Mtb has co-evolved with the host immune system, acquiring a remarkable ability to circumvent
immunity and modulate host factors for its own survival 524 Moreover, the immune response to
Mtb infection is exceedingly complex, and can be easily modulated by changes in the
microenvironment. lons are an integral component of the host microenvironment, and their
transport is controlled by ion channels and transporters. Among these ions, K' is the major
intracellular ion and plays an important function as a second messenger to regulate intracellular
signalling pathways, thus modulating innate and adaptive immunity ** 3%, In the present study,
we examined two potassium-related events, which were hypothesized to impact the way immune

cells responded to in vitro and in vivo mycobacterial infection.
6.1. KCNJ15 in the host response to mycobacterial infection

Our group’s histone acetylome-wide association study (HAWAS) discovered that H3K27ac peaks
in peripheral blood monocytes from active TB patients (ATB) were enriched near KCNJ15, a
gene coding for an inwardly rectifying K* channel Kir4.2 *''. This enrichment was correlated with
upregulation of KCNJ15 mRNA in blood monocytes from ATB patients 2''. Since upregulation
of a gene upon infection can have either host-protective or host-pathologic effects, in Chapter 3,

we aimed to characterize the role of KCNJ15 in monocytes response to mycobacterial infection.

In in vitro experiments, we found that KCNJI5 induction in monocytes and macrophages was
TLR2-mediated (Fig 11F, G) and that KCN.J15/Kir4.2 can decorate lysosomal membrane and also
can sense pH (Fig 14). We found Kir4.2-mediated cell surface inward currents increased with
reduced intracellular pH, which is contrary to the existing literature on Kir4.2 **!. This unexpected
result may be due to different buffering and acidification conditions used during the
electrophysiological experiments, as well as the nature of the model systems, such as the usage
of Kir4.2-expressing monocytes by us and Kir4.2-expressing Xenopus oocytes in said literature
381 Kir4.2 was also found to be sensitive to extracellular pH, as inward currents also increased
with acidification. This finding was unexpected as majority of the literature on K* channels have
only described intracellular pH sensitivity. Additionally, pH-sensing amino acid residues of
Kir4.2 exist on the cytoplasm-facing N and C-termini. Nonetheless, we can conject that the pH-
sensitivity of Kir4.2 could act as a feedback mechanism as it provides K* counter-ion for the
function of H" transporting ATPases (Fig 42). Specifically, Kir4.2 might pump K" out of the
lysosome as H' are transported into the lysosome, and as intraluminal H™ increases, K* current
also increases to provide sufficient ion counterbalance in the lysosome. Indeed, in the case of
parietal cell acid secretion, Kir4.2 was found to co-localize with H/K" ATPase at the apical
membrane, making channel responses to slight local pH changes more likely 22, Importantly,

acidification of the lysosome is crucial to pathogen killing, and can be subverted by pathogens
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such as Mth '*. Overall, our data suggest that Kir4.2 may play a role in lysosome-mediated
bacterial killing. However, further work should include investigating endolysosomal acidification

itself, and how that might be regulated by Kir4.2 to benefit host.
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Figure 42. Hypothesized orientation and function of endolysosomal Kir4.2 in pathogen Kkilling by
providing counterion for endolysosomal acidification.

We performed gain and loss-of-function experiments to assess the impact of KCNJ15/Kir4.2 on
mycobacterial growth in human monocytes. For this, we utilized primary monocytes and THP-1
cell line overexpressing Kir4.2 protein or THP-1 carrying heterozygous knockout of KCNJ15
generated using CRISPR/Cas9 technology. We found that KCNJI5°F THP-1 cells had an effect
on restricting Mth/BCG growth, although the opposite was not observed in THP-1 KCN.J15%°
(Fig 15). The low endogenous expression of KCNJ15 in wild-type THP-1 could explain why we
did not see a defect in BCG growth in THP-1 KCNJ15%° cells. We also saw that KCNJ15
expression in THP-1 monocytes was associated with inflammasome activation and secretion of
IL-1p in response to BCG infection and TLR agonist stimulation (Fig 16). Likewise, KCNJI5
expression corresponded with apoptosis-related gene signatures, increased apoptosis induction
and APAF-1 protein expression (Table 9, Fig 17). Indeed, enhancing apoptosis have been shown
to be an important anti-bacterial mechanism especially in the context of persistent intracellular

pathogens such as mycobacteria >,

The relationship between inflammasome and apoptosis induction and how both processes seem

to be modulated by Kir4.2 is certainly interesting. K™ efflux, or rather, a drop in intracellular K*
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is known to precipitate inflammasome activation and cytokine secretion **’. APAF-1 is a scaffold
protein central to apoptosome formation and downstream effector caspase activation. Curiously,
a pre-requisite of a reduction in intracellular K™ has also been implicated in apoptosome formation
331328 This is particularly interesting as the apoptosome and inflammasome complexes are both
caspase-activating scaffold structures which seem to be regulated by intracellular K.
Unfortunately, while some groups have discovered other K™ channels which modulate

inflammasome activation 23" 3%

, still little is known about the specific molecular mechanism
behind the pre-requisite of K efflux. Nonetheless, as an active K channel, Kir4.2 may indeed
play a role in regulating both inflammasome and apoptosis induction at steady state and in the
context of mycobacterial infection. To this end, much more study is needed in understanding the
electrophysiology of K'-mediated inflammasome and apoptosis activation during gain and loss

of Kir4.2.

What remains unverified is the direction of K* flow orchestrated by the Kir4.2 channel during
infection or TLR agonist stimulation. While Kir4.2 is a channel that has an electrophysiological
current-voltage profile which demonstrates inward current (influx) at more negative membrane
voltages (its inwardly-rectifying property) ¥, they still carry outward current at higher membrane
voltages, which may or may not be the case during the in vitro/in vivo infection process or TLR
stimulation by agonists. In fact, expression of Kir2.1 (KCNJ2) has been associated with
maintaining negative membrane potential during LPS treatment of macrophages, meaning it
orchestrates K efflux under stimulation *°. Furthermore, KCNJI5 expression has so far
correlated with enhanced inflammasome and apoptosis induction in this study, both of which are
presumably activated by K* efflux. Hence, it is possible and maybe even likely that Kir4.2
facilitates efflux under our study conditions. Confirming this would also require extensive

electrophysiological study.

In Chapter 4, we developed a whole-body Kcnjl 5%° mouse model to study the role of the channel
during airway mycobacterial infection with BCG. Here, we identified that Kcnj15%° mice lungs
harbored fewer BCG and Ly6C™ monocytes at 14 days post-infection (Fig 19A, 20E). Profiling
of cytokines/chemokines in lung homogenate found increased pro-inflammatory cytokine and
chemokines in WT BCG-infected mice, that was diminished in Kcnjl5%° mice (Fig 22),
suggesting a pro-inflammatory phenotype of Kir4.2. Reduced lung Ly6C"™ monocytes in
uninfected and infected Kcnjl 5%° mice (Fig 20E) could be attributed to the possible role of Kir4.2
in cell migration. Of note, Kir4.2 has been implicated in directedness during galvanotaxis of
epithelial cells and integrin-VCAM1-mediated transendothelial migration 2’"*’* 23 Moreover,
transcriptomic analysis of human blood cells ascribed KCNJ15 expression to only monocytes and

261

neutrophils =, which are patrolling innate cells and actively mobilize during infection. Since
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monocytes were found to upregulate Kir4.2 during mycobacterial infection, its purpose could be
to promote migration from the bone marrow into the site of infection. This might explain the
reduction of Ly6C™ monocytes in the blood of uninfected Kcnjl5*° mice (Fig 23B). Based on
this observation, we expected monocytes to accumulate in bone marrow, which was not observed
(Fig 25B). It is possible that Kcnj1 5%° monocytes were deficient in transendothelial migration and
thus were stuck in the vasculature, which might not have been accurately detected by profiling

blood cells.

In conjunction with reduced lung Ly6C™ monocytes, AMs, MCs and DC populations were
expanded in BCG-infected Kcnjl5%° mice (Fig 20B, C). We hypothesize that this expansion was
due to the enhanced differentiation of infiltrating lung Ly6C™ monocytes in Kcnjl5%° mice.
Indeed, the reduction of Ly6C™ monocytes are statistically correlated to the expansion of these
macrophage populations (Fig 27A), but further experiments are needed to establish a causal

5KO

relationship. To truly link the expansion of the macrophage and DC populations in Kcnjl5™ " mice

with the influx and differentiation of Ly6C™ monocytes, adoptive transfer experiments could be

carried out. Transplanting WT or Kcnjl5°

bone marrow monocytes into CD45.1 WT mice,
infecting them with BCG and assaying for CD45.2 macrophage and DCs would inform us if
monocyte expression of Kcnjl5 dictates some form of monocyte pro-differentiation property.
Furthermore, transplanting CD45.1 WT bone marrow monocytes into BCG-infected CD45.2 WT

5KO

or Kenjl15"" mice would shed light on whether the loss of Kcnjl5 by other cell types influences

monocyte differentiation through other means such as modulating cytokine production.

The present study is mostly limited to the investigation of myeloid arm of the lung immune
response, hence insight into how Kcnjl5 may regulate adaptive response is lacking. This is
important since we observed increased DC populations, which are professional antigen-

5%9 mouse model, effects of

presenting cells. Furthermore, since we used whole-body the Kcnjl
the loss of channel in specific cell types can be masked by that of others, further complicating the
analysis. A detailed survey into the expression of Kcnjl5 in each immune cell type during
infection is necessary to distinguish the changes in immune responses that are directly mediated
by the loss of channel itself, from those which are indirect by-stander effects caused by changes

5%9 bone-

in cytokine or chemokine secretion or other cellular signals. Here, generation of Kcnjl
marrow chimeras would allow us to limit our scope of investigation to hematopoietic immune

populations.

Additionally, it is important to consider that Chapter 4 employs BCG-infected mice as a model
for TB. This was due to our lack of access to ABSL3 since March 2020 due to the COVID-19
pandemic. Infection with BCG invariably produces a weaker immune response but is more

effectively cleared than Mtb **. One of the key differences between Mth and BCG strains is the
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absence of the RD-1 region in BCG, which encodes antigens ESAT6 and CFP-10 that are
normally secreted by the ESX-1 secretion system **'. ESAT6 can potently activate the NLRP3
inflammasome and modulate innate apoptosis in macrophages, and is also key for phagosome

179.532.533 and both proteins contribute to the immunogenicity of Mtb **. Since translocation

escape
of Mth-carrying AMs into the lung interstitium is ESX-1 dependent *’, we expect majority of
BCG-infected AMs to be retained in the airway at early timepoints. Indeed, airway BCG
administration found most live bacteria to reside in airway AMs after 14 days, with some
dissemination to IMs after 24 days **. Furthermore, granuloma formation without necrosis occurs
during BCG infection and is associated with bacterial clearance, which is markedly attenuated
compared to the necrotic, caseous pathology and uncontrolled bacterial growth in chronic virulent

Mtb infection %334,

Another point to consider, is that the intra-tracheal BCG infection model we employed is also a
suitable mucosal vaccination model **. Hence, the immune population changes we found could
also be considered in this light, thus demonstrating that absence of Kcnjl5 might have a beneficial
role in mucosal vaccination response. Our observation of DC expansion in BCG-infected
Kenj15%° mice (Fig 20C) can have implications on the transport of live BCG to lymph nodes and
hence T cell stimulation. This efficiency of bacterial and DC trafficking, and antigen presentation
needs to be properly studied in the draining lymph nodes over a series of timepoints, as well as

investigating differences in activation of the T cell and memory responses.

Furthermore, AMs from BCG-infected Kcnjl5%° mice showed a gene signature which pointed
towards cholesterol accumulation (Fig 28). Interestingly, cholesterol-rich lipid rafts are pivotal
for MHC-II antigen presentation ***°3%337 However, AMs are not known to be motile and migrate
to lymph nodes. It would be interesting to investigate if migratory cells like monocytes and DCs

also show Kcnj15%©

—mediated cholesterol accumulation and antigen presentation enhancement.
Indeed, further experimentation is required to test if Kcnjl5%° AMs or other cells do accumulate
cholesterol and study what effect cholesterol may have on host restriction, antigen presentation,
and mycobacterial survival. Importantly, a study on mucosal BCG vaccination demonstrated
superior pre-activation of AMs which conferred long-term protection from Mtb, compared to

subcutaneous vaccination >,

Expression of KCNJ15 appeared to be restrictive to mycobacterial infection in our in vitro studies
in Chapter 3, however experiments with our knockout mouse model in Chapter 4 demonstrate
that KCNJI15 may conversely be permissive to mycobacterial growth in the lungs. As these
experimental models are vastly different, this apparent contradiction could be attributed to each

model’s relevance to a different part of the spectrum of TB disease presentation.
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Indeed, the progression of TB from the point of initial infection to chronic disease and
transmission is dynamic and involves many changes at the bacterium, immune and tissue
pathology levels (Fig 43). Patients are classified along the infection spectrum, some being able to
clear initial infection effectively, while others harbour latent infection and may subsequently
progress toward active disease, and each stage can be characterized by features such as bacterial

burden, inflammatory and pathological states .

The in vivo intra-tracheal infection model is likely reminiscent of an acute infection where the
innate response takes primary control, and leads to eventual clearance of BCG from the lung, and
thus would not constitute a chronic “active” infection. On top of that, BCG infection is much less
pro-inflammatory and causes insignificant tissue pathology compared to Mzb infection. However
of course, our infection procedure administers over a million BCG CFU to mice, which is much
more than the typical inoculum for a human infection . Conversely, our in vitro monocyte
infection models are much more acute (24-72 hour timepoints) but they are infected at MOI 5:1
and are quite significantly activated to produce pro-inflammatory mediators. Furthermore, cell
death becomes more and more significant as infection duration is prolonged. In this sense, the in
vitro infection model may emulate a subclinical or active TB infection, where infection is not
easily resolved and leads to inflammation and significant cell damage. These attributes, in
addition to the consideration that a systemic infection is much more complex than an in vitro
infection as many different cell types are at play, may account for the contradictory conclusions
on KCNJ15’s role in controlling intracellular infection. Furthermore, this suggests that altering
K" homeostasis at different stages of TB disease may have varying effects. Certainly,
inflammatory states may differ and a different set of pivotal immune players could be responsible

for managing the infection across the TB spectrum.
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Figure 43. The spectrum of TB disease, by Pai et al (2016) *.

Taking the study as a whole, it appears that the loss of KCNJI5 provides an anti-inflammatory
benefit, expands populations capable of controlling infection and engaging the adaptive response,
while limiting inflammatory monocyte presence and concurrently reduces lung burden during in
vivo acute BCG infection. Since there are no specific inhibitors of Kir4.2 currently available,
compound screening and in-silico design can be conducted for discovery of a Kir4.2 blocker. An
anti-inflammatory K" channel blocker can have broad applications in inflammation-mediated
diseases and pathology. For example, single-cell transcriptomic analyses of lungs of patients with
idiopathic fibrosis have shown that AEC-II highly express KCNJI5 *%. The AEC-II cells can
secrete inflammatory cytokines and chemokines upon infection or injury, which induces immune
infiltration that can contribute to lung inflammation and pathology '¢”'"'. Blockade of Kir4.2
could thus ameliorate inflammation during fibrosis and chronic infection, limiting lung tissue
destruction and improving patient outcomes. Since the administration of Kir4.2 blockers as a
treatment would usually be systemic, thus what we gleaned from the whole-body Kcnjls

knockout mouse model would be very useful in understanding it effects.

6.2. Extracellular K* in the necrotic granuloma and its effects on mycobacterial

control

Understanding the necrotic granuloma niche may pave the way for further deciphering TB
immunopathology and potential host-directed therapeutics (HDT). Here, we show that (i) necrotic
granulomas of M. marinum-infected zebrafish fluoresced strongly with extracellular K™ indicator,
and (ii) hepatic granulomas in BCG-infected IFNy” mice demonstrated regions of higher

extracellular K™ ([K']e) (Fig 30). Undeniably, more direct information could be gained from
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necrotic granulomas from Mtb-infected lungs with the availability of scanning mass spectrometry
techniques or better and more stable in vivo K indicator dyes. Nonetheless, high [K']. in
mycobacterial granulomas can significantly impact surrounding immune cells as it invariably

leads to K* influx into the cell, which can perturb K™ homeostasis and cellular function 3¢,

In our study, we demonstrated that high [K']. leads to uptake of K ions, conferring enhanced
control of intracellular mycobacterial burden in monocytes and macrophages (Fig 31). This
process is mediated in part by autophagy stemming from inhibition of the Akt-mTOR signalling
pathway (Fig 32). Studies on high extracellular NaCl have similarly demonstrated an increase in
autophagy flux that culminated in improved control of E. coli in bone-marrow derived
macrophages ***. This, and our study, highlight that local ion fluxes can significantly affect
immune cell anti-microbial function. However, intracellular Na™ concentrations exist typically at
sub-20mM levels, making its contribution to the extracellular milieu during necrosis not quite as

significant as K™ ions, which is the most abundant intracellular cation (130-150 mM).

Transcriptomic and epigenetic analyses indicated that that oxidative stress was an apparent
consequence of exposure to high [K']. in human monocytes (Fig 33, 37). Indeed, necrotic
granulomas were observed to be in a state of oxidative stress **°. Oxidative stress can keenly
induce autophagy, through various pathways such as via the AMPK-mTOR, NRF2-p62 and
HIF 1a-BNIP3-NIX axes ***3*. Naturally, ROS production on its own can be bactericidal against
intracellular pathogens, thus oxidative pressure on intracellular bacteria in addition to heightened
autophagy may be an effective sterilizing combination for innate cells in restricting pathogen
growth. However, ROS may also contribute to worsening of granuloma pathology **. Whether
necrosis and increased [K']. may lead to greater ROS accumulation that perpetuates granuloma
pathology is unclear. Additionally, M¢b can become dormant in the host niche and establish long-
term latency, making them difficult to eradicate by antibiotic regimens >*'. The complex structure
of the granuloma alone can prove a formidable diffusion barrier to antibiotic compounds ***.
Increased [K']e may raise ROS levels and activate autophagy in bystander macrophages harboring
non-replicative Mtb, which may aid in clearance of these intracellular persister bacilli.
Admittedly, as production of mROS was found to occur as early as 1h post high [K']e
administration (Fig 35A), data from both transcriptomic and epigenetic analyses would have been
likely more indicative had samples been collected at an earlier timepoint rather than at 24h.
Despite this, we showed that quenching ROS abolishes high [K']e induced autophagy and
bacterial growth (Fig 38). In our experiments the role of HIF1a in high [K"]e-mediated autophagy
induction remains unclear. While increased extracellular NaCl was demonstrated to induce
autophagy in a HIF la-dependent manner ***, our experiments did not determine that HIF 1o was

crucial for [K'].-mediated infection control (Fig 34).

142



Increased [K']e is also expected to limit the inflammasome response and the release of pro-
inflammatory IL-1p and IL-18 as K" efflux is stifled **’. In this way extracellular K release may
provide an anti-inflammatory balance against the induction of strong inflammasome responses in
the granuloma, initiated by the release of intracellular DAMPs by necrosis such as cellular ATP.
At the same time, heightening microbicidal function may slow down the progression of

granuloma pathology in the long term.

The immune granuloma, while primarily comprised of macrophages, consists also of other cell
types such as lymphocytes in the periphery. Eil et al. has prior described how high [K'].
epigenetically alters tumor-infiltrating CD8" T cells into a state of improved effector function and
tumor control *7°. It is thus conceivable that T cells residing in mycobacterial granulomas may
similarly be primed to better control the infection, and that any cell type within the granuloma
can be affected by high [K']. resulting in varying outcomes. Certainly, our findings are not limited
to the mycobacterial granulomas but may be relevant to other granulomatous diseases or

necrotizing conditions such as diabetic ulcers or necrotizing fasciitis.

We also show that increasing systemic K™ may enhance the control of acute mycobacterial
infection and increase pro-inflammatory immune recruitment (Fig 39, 40). The elevation of pro-
inflammatory chemokines in the lung of mice maintained on high K diet might have elicited an
increased influx of mononuclear cells that allowed increased differentiation into monocyte-
derived macrophages (Fig 40). Infiltrating monocytes are efficient anti-bacterial phagocytes,
which can differentiate into macrophages at the site of infection, thus benefiting pathogen control
34334 Whether ROS is induced in mycobacterium-infected zebrafish or mice during increased
systemic K, and whether it is vital for restriction of mycobacterial growth remains to be
investigated. Administering high dietary K may not, however, be a feasible therapeutic option as
K* homeostasis in the blood is tightly regulated by renal function >*. Furthermore, majority of K*
intake is expected to be excreted quickly, as hyperkalemia can pose serious risks especially to
cardiac function 3*’. In our experiments, we have not been able to effectively evaluate if lung

interstitial fluid K" was increased in mice given high K" diet.

In conclusion, we make a case for the presence of high [K']. in necrotic mycobacterial
granulomas, similar to what has been observed in necrotic solid tumors ***, and showed that high
[K']e environments can strongly impact monocytes/macrophages in their ability to control

mycobacterial growth through the induction of ROS-mediated autophagy.

Taken together, this study highlights that potassium homeostasis can play a vital role in regulating

immune cell function during mycobacterial infection. K is often overlooked compared to other

ions and often thought of as rather inert. This study, therefore, demonstrates that the modulation
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of K" homeostasis by a Kir channel, Kir4.2, and local cellular necrosis events can impact the

immune response to infection at various levels, which may inform future HDT development.
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