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ABSTRACT

Dissection of host factors regulating pathological and protective

Immune responses in murine models of tuberculosis

Tuberculosis (TB) is a severe pulmonary infectious disease caused by Mycobacterium
tuberculosis (Mtb) infection, posing a persistent global public health. In order to advance
understanding of TB pathogenesis and devise novel, efficacious preventive measures, there is an
imperative need for in-depth exploration of anti-TB immunity mechanisms and host factors. To
deepen our understanding of immune responses in the context of tuberculosis (TB)
immunopathogenesis, we employed a novel approach by utilizing a NADPH Oxidase 2 (NOX2)
knockout (Nox2”") mouse model. This model resembles X-linked Chronic Granulomatous Disease
(CGD) in human patients and is known to exhibit susceptibility to intracellular pathogens, including
Mtb. Additionally, we employed another knockout mouse model, the Cholesterol 25-hydroxylase
(CH25H) knockout mouse, which has been reported to demonstrate resistance to intracellular
pathogens. By utilizing these distinct mouse models with opposing responses to intracellular
pathogens, we aimed to identify critical host factors contributing to susceptibility or resistance
against Mtb infection and to elucidate the underlying mechanisms.

Chapter | provides a comprehensive overview of immune alterations caused by NADPH Oxidase
2 deficiency, which exhibits altered immune responses across a spectrum of pathogens. This chapter
delves into the immunological characteristics of NOX2 deficiency, exploring both innate and

adaptive immunity, with a particular emphasis on deficiencies in phagocytosis, dysregulation of

Xi



immune cell populations, and excessive inflammation. Subsequent chapters will focus on how Mtb
infection induces irregular immunologic characteristics in mouse models and whether these
uncontrolled immune features influence tuberculosis susceptibility or anti-tuberculosis immunity in
vivo.

Chapter 11 focuses on the establishment of a tuberculosis (TB)-susceptible male Nox2”- mouse
model and the screening process of host factors correlated with TB progression. Through in vivo
challenge with the highly virulent Mth K strain, male Nox2” mice displayed exacerbated TB
pathogenesis compared to wild type (WT) mice and female Nox2”- mice. We could conclude that
the disrupted immune tolerance observed in male Nox2”- mice following Mtb challenge,
characterized by the dominance of pathogenic immature lung neutrophils and uncontrolled
inflammation, is hypothesized to be the reason for TB susceptibility in this mouse model.
Furthermore, we analyzed the functional and phenotypic properties of atypical Nox2” lung
neutrophils and concluded that these cells are key drivers of TB pathogenesis in the susceptible male
Nox2”- mouse model.

Chapter 11l delves into the pathogenic role of pulmonary neutrophils and the underlying
immunologic mechanisms required for the generation of detrimental immature neutrophils. To
identify specific immunologic factors contributing to the uncontrolled generation of pathogenic
neutrophils, excessive cytokines upregulated by Mtb infection in male Nox2”- mice were neutralized
using cytokine-specific mAbs. We concluded that G-CSF, rather than other pro-inflammatory
cytokines, is the key factor driving the generation of pathogenic immature lung neutrophils. This
chapter highlights the pivotal role of G-CSF and pulmonary neutrophil generation in TB
pathogenesis and proposes the therapeutic potential of targeting the G-CSF-immature neutrophil
axis to modulate TB susceptibility.

Chapter IV presents a novel approach to modifying anti-TB immunity through the use of a distinct

xil



mouse model. Our study revealed that CH25H deficiency, an interferon-stimulated gene (ISG),
alters dendritic cell functionality and enhances Thl immunity, a critical component of effective
defense against Mth infection. Furthermore, we demonstrated that CH25H deficiency significantly
boosts the efficacy of BCG vaccination by promoting Thl memory responses and sustaining
prolonged anti-TB immunity established by BCG immunization in vivo. These findings provide a
new perspective on anti-TB immunity by leveraging a unique TB-resistant mouse model with 1SG
deficiency.

Collectively, these findings advance our understanding of the immunological factors that
underpin TB pathogenesis in susceptible animal models or individuals. By elucidating the intricate
mechanisms of immune dysfunction in TB susceptibility, this research provides valuable insights

that can inform future studies and therapeutic strategies.

Key words : tuberculosis, Mycobacterium tuberculosis, immunopathogenesis, NADPH Oxidase 2,

inflammation, neutrophil, G-CSF, type | interferon, Cholesterol 25-hydroxylase, BCG
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Chapter |

NADPH Oxidase 2 deficiency and its impacts on immune
alterations

1. INTRODUCTION

Reactive Oxygen Species (ROS) are pivotal in orchestrating diverse cellular reactions in
eukaryotic organisms. While mitochondria primarily govern ROS production, NADPH Oxidase
(NOX) also assumes a notable role in ROS generation. Both mitochondrial ROS and NOX-driven
ROS are essential elements in modulating a range of cellular responses, spanning from
intracellular signaling to cytoskeleton organization'2. Presently, through diverse research
conducted in mouse and human studies, seven NADPH oxidases are recognized: NOX1, NOX2,
NOX3, NOX4, NOX5, DUOX 1, and DUOX2, each demonstrating distinct functions and tissue
localization. NOX2 was the initial member identified and extensively researched in phagocytes,
particularly neutrophils®#, It is a multimeric enzyme, composed of one catalytic transmembrane
heterodimer (gp91phox / p22phox) and four cytosolic subunits (p40phox / p47phox / p67phox /
Rac). Among the six major components of the NOX2 complex, gp91phox serves as the catalytic
core for ROS generation®®. NOX2 plays a central role in the non-mitochondrial production of ROS
in phagocytes. These NOX2-driven ROS are involved in various cellular responses, ranging from

autophagy to cytokine and chemokine signaling”.



Impaired NOX2 function in humans can lead to the development of chronic granulomatous
disease (CGD), a genetic disorder characterized by increased susceptibility to pathogens and
uncontrolled inflammation%12, Since Nox2 (gp91) is located at Xp21.1 allele of the X
chromosome, CGD caused by Nox2 deficiency, X-linked CGD, is inherited in an X-linked
recessive manner, primarily affecting young males*®**. Individuals diagnosed with CGD
demonstrate excessive susceptibility to various pathogens, including Mycobacterium tuberculosis
(Mtb), as well as bacterial and fungal infections!>!6, These infections often lead to the
development of granulomas within vital organs, such as the lungs, liver, kidneys, and brain, when
exposed to pathogens. Despite progressions in antibacterial and antifungal prophylactic treatments,
the life expectancy of CGD patients remains notably lower in contrast to that of the general
population.

This chapter illustrates the impacts of NOX2 deficiency on disrupting proper immune responses
against pathogens or autoimmunity, based on clinical and experimental reports. Beyond its role in
host defense through ROS-mediated direct killing of pathogens, various reports highlight the roles
of NOX2 in regulating adaptive immune responses and maintaining immune homeostasis. The
chapter elucidates the multifaceted impacts of impaired NOX2 function in immunity,
encompassing its roles in phagocyte function, inflammation, adaptive immune responses, and its
involvement in the pathogenesis of immune-mediated diseases. Moreover, the potential of the
NOX2KO mouse model as a tool to study tuberculosis (TB) susceptibility shall be discussed by

dissecting altered immune responses in NOX2-deficient individuals and animals.



2. Altered immune responses in NOX2-deficient mice and humans

2.1. Impaired microbial killing

Deficiencies in microbial killing capacity represent one of the most extensively studied
immunologic features associated with NOX2 deficiency. This impairment in microbial clearance
efficacy, particularly against intracellular pathogens, is widely documented across various immune
responses. Research has consistently highlighted the role of NOX2 in the generation of ROS,
which play a crucial role in the eradication of invading microbes. NOX2-driven ROS mediates
rapid oxidization, leading to an instant decrease in cytosolic pH and activation of various
phagocytic enzymes, thereby facilitating efficient microbial killing and clearance by
phagocytest”8, For instance, NOX2-driven ROS production by neutrophils has the capability to
directly eliminate intracellular pathogens due to the potent oxidative nature of ROS'2°, As NOX2-
derived ROS is extremely significant and indispensable in the primary innate immune responses
against microbial threats, the impaired production of ROS in NOX2-deficient CGD patients
significantly compromises the ability of phagocytes to eliminate pathogens effectively. This
deficiency in ROS production undermines the microbial killing capacity of phagocytes, leading to
persistent and recurrent infections in affected individuals?*. Consequently, individuals with NOX2
deficiency are predisposed to recurrent bacterial and fungal infections, as evidenced by numerous
infection models and clinical studies®??23, Furthermore, CGD patients also feature susceptibilities

to parasitic infections, expanding the spectrum of pathogens associated with NOX2 deficiency?+2¢.

2.2. Susceptibility to infections
Individuals with NOX2 deficiency exhibit heightened susceptibility to a broad spectrum of

bacterial and fungal infections, encompassing pathogens such as Staphylococcus aureus?,



Aspergillus species?®, Pseudomonas cepacia®®, and Burkholderia cepacia®. These infections often
present as recurrent abscesses, pneumonia, and systemic infections, reflecting the compromised
immune response in individuals deficient in NOX2%, CGD patients frequently exhibit impaired
fungal clearance, predisposing them to recurrent and often severe infections. Among the most
prevalent fungal pathogens in CGD patients are Aspergillus species, including Aspergillus
myofasciitis and Aspergillus fumigatus, which frequently cause invasive infections®%2, Aspergillus
infections in CGD patients typically manifest as invasive pulmonary aspergillosis, with the
potential to rapidly advance and spread to other organs if not promptly treated®. Additionally,
infections by Candida species®, Cryptococcus neoformans®, and Scedosporium?® species have
been documented in CGD patients. These infections may present with a diverse array of clinical
manifestations, including skin and soft tissue abscesses, hepatosplenic infections, and involvement

of the central nervous system?’.

2.3. Susceptibility to mycobacterial infections

Patients with CGD also exhibit an elevated susceptibility to mycobacterial infections, including
Mycobacterium tuberculosis (Mth) and Mycobacterium avium, both of which are gram-negative
intracellular pathogens®%. This heightened susceptibility presents significant challenges for
tuberculosis (TB) therapy and prevention in CGD patients. Conventional Bacillus Calmette-Guérin
(BCG) vaccination cannot be safely administered to CGD patients due to the heightened risk of
BCGosis, a disseminated infection caused by Mycobacterium bovis, which results from BCG
vaccination. BCGosis is more frequently observed in male patients due to the nature of the NOX2
gene, which is located on the X chromosome and inherited recessively'®4%-42, Although phagocyte
NADPH oxidase-originated ROS plays a crucial role in clearing intracellular pathogens, studies

have shown that phagocyte NADPH oxidase deficiencies did not significantly alter mycobacterial



growth. Studies adapting NOX2-deficient mouse models illustrated the underlying immunologic
mechanism in the pathogenesis of TB in NOX2 deficient mice. Olive et al. pointed out that NOX2-
deficient mice show increased lung inflammation, but not a distinct increase in pulmonary
bacterial load. Such pulmonary inflammation in Mtb-infected NOX2-deficient mice is caused by
IL-1 signaling-mediated influx of permissive granulocytes®. Thomas et al. supported the idea,
showing that NOX2-deficient mice display pulmonary inflammation and an influx of neutrophils,
which is dependent on Caspase 1/11 and IL-1 signaling pathways. 4. Similar IL-1-mediated
neutrophilic inflammation is also reported in a model of Mycobacterium marinum infection, which

causes severe pulmonary inflammation under NOX2 deficient conditions*.

2.4. Dysregulated inflammation

Dysregulated inflammatory responses represent another prominent hallmark associated with
NOX2 deficiency. Experimental studies utilizing NOX2-deficient mice and clinical observations
in X-linked CGD patients consistently demonstrate a propensity for uncontrolled inflammation
upon pathogenic challenge®. Research findings underscore the pivotal role of NOX2-derived
reactive oxygen species (ROS) in modulating inflammatory processes. In the absence of functional
NOX2, dysregulated inflammation ensues, characterized by aberrant cytokine production, tissue
damage, and the establishment of chronic inflammatory states.*>*’. NOX2-deficient phagocytes,
such as macrophages and neutrophils, are major producers of pro-inflammatory cytokines*49,
which can cause tissue damage*+*°. For instance, Segal et al. demonstrated the role of NOX2 in
regulating zymosan-induced pulmonary inflammation, which is mediated by uncontrolled pro-
inflammatory cytokine production through lung neutrophils.*. Liao et al. illustrated the roles of
NOX2-deficient neutrophils in facilitating joint inflammation, which involves the production of

excessive pro-inflammatory cytokines and reduced expression of the checkpoint molecule PD-



L1%. Furthermore, Song et al. illustrated that the IL-1-G-CSF axis is upregulated by neutrophils in
NOX2-deficient mice, serving as a positive feedback mechanism that amplifies neutrophilic
pulmonary inflammation®%%, Indeed, various studies underscore phagocytes as the primary source
of uncontrolled inflammation in NOX2-deficient mice. However, a recent study by Keller et al.
reported that impaired NOX2 function in dendritic cells (DCs) results in excessive presentation of
autoantigens. This presentation triggers uncontrolled neutroinflammation in an EAE model

mediated by CD4 T cells®.

2.5. Altered neutrophil function

Neutrophils stand as the foremost phagocytic cells pivotal to innate immunity, with NOX2
playing a critical role in their antimicrobial function. Therefore, the impacts of impaired ROS
production are highlighted in neutrophils. Studies elucidate that NOX2-deficient neutrophils
manifest compromised microbial killing capabilities and diminished oxidative burst upon
encountering pathogens, consequently impeding effective pathogen eradication®*%*, However,
impaired phagocytic capacity is not the only functional alteration in NOX2-deficient neutrophils.
They also exhibit aberrant chemotaxis, attributed to disrupted rearrangements of the cytoskeleton
and defective signaling pathways involved in cell polarization and motility®®. For instance, NOX2-
deficient neutrophils display impaired direction sensing in the model of zymosan-mediated
inflammation, regulated by TREM-1%¢. Impaired NOX2 function also disrupts neutrophil
apoptosis, resulting in a prolonged neutrophil lifespan. This leads to the perpetuation of
inflammatory responses, thereby contributing to tissue damage. Such delay in neutrophil apoptosis
is demonstrated in studies by Carneiro et al., revealing that NOX2-originated oxidative burst plays
crucial roles in inducing proper clearance of inflammatory neutrophils in Leishmania infection®758,

Furthermore, as mentioned above, NOX2-deficient neutrophils serve as the primary source of pro-



inflammatory cytokine secretion. NOX2 deficiency alters cytokine production profiles, resulting in
an overproduction of pro-inflammatory cytokines such as TNF-a and IL-1p. These alterations
occur due to modifications in various pathways, including ERK1/2475%61, NOX2 deficiency is also
reported to be correlated with excessive neutrophil extracellular trap (NET) formation in infection
models. Although NOX-driven ROS are crucial for the generation of NETS, studies on NETosis
triggered by Staphylococcus aureus infection propose that NETs can also be induced through
NOX-independent pathways®263, NETosis in NOX2-deficient neutrophils can promote
inflammation and lung damage through neutrophil-platelet interactions in zymosan-induced lung

inflammation. 6

2.6. Macrophage dysfunction

In addition to its impact on neutrophil function, NOX2 deficiency significantly influences
macrophage activity, leading to impaired pathogen phagocytosis and reduced reactive oxygen
species (ROS) production. Studies have demonstrated that NOX2-deficient macrophages exhibit
compromised phagocytic capabilities and decreased ROS generation upon encountering
pathogens, consequently undermining the host's ability to control infections and resolve
inflammation®. The impaired ROS production in NOX2-deficient macrophages not only affects
microbial killing but also disrupts signaling pathways essential for the regulation of inflammatory
responses. Barrett et al. emphasized alterations in the IL-10/STAT3 axis mediated by NOX2-
deficient macrophages, which consequently alter macrophage-mediated cytokine production in the
model of neuroinflammation®®¢”. Interestingly, Idol et al. proposed different aspects of NOX2
deficiency in neutrophils and macrophages. They suggested that NOX2-specific deletion increased
excessive inflammation only in neutrophils, but not in macrophages, in the model of Aspergillus

fumigatus-induced fungal infection®®. Thus, NOX2 deficiency may alter the phagocytic capacities



of macrophages, while its impacts on defective regulation of inflammation might be specific to

neutrophils.

2.7. Uncontrolled influx of myeloid cells and granuloma formation

As the name ‘Chronic Granulomatous Disease’ implies, aberrant granuloma formation, which
involves a complex process comprising various immune cells and inflammatory mediators aimed
at containing and neutralizing a persistent threat to the body, is one of the most crucial features of
CGD®%"0, The absence of functional NOX2-driven ROS compromises the antimicrobial function
of myeloid cells, such as neutrophils and macrophages, leading to an exaggerated recruitment of
these cells to sites of infection. Such an uncontrolled influx of malfunctioning myeloid cells
contributes to tissue inflammation and damage, even without proper clearance of pathogens. While
granulomas serve as a localized attempt to contain persistent infections, in NOX2-deficient
conditions, they may become excessive or dysregulated, exacerbating damage to the host™.
Uncontrolled expansion of granulomas is highly correlated with an increased number of myeloid
cells. In CGD patients, a significant number of myeloid cells, including neutrophils, can be
observed not only in the granuloma but also in circulating blood”2. Such an increase in myeloid
cells is induced by excessive growth factors such as GM-CSF and G-CSF, which are crucial for
the generation of myeloid cells. According to Bagaitkar et al., G-CSF, a cytokine responsible for
the explosive generation of granulocytes, is highly upregulated in NOX2-deficient mice
undergoing zymosan-induced lung inflammation, and its neutralization was effective at relieving

pulmonary infiltration and reducing quantitative counts of pulmonary neutrophils®.

2.8. Impacts on adaptive immunity



Although immune alterations caused by impaired NOX2 function mostly focus on myeloid cell
deficiencies, due to the nature of NOX2 as a phagocyte oxidase, the influence of NOX2 deficiency
extends beyond the realm of innate immunity and significantly impacts adaptive immune
responses. NOX2 deficiency adjusts adaptive immunity through various mechanisms, such as
altering antigen presentation, inducing excessive T cell activation, and enhancing antibody
production®>#”, As NOX2 controls the antigen-presenting capacities of DCs by modulating
phagosomal pH through ROS production, NOX2-deficient DCs exhibit altered capacity in antigen
presentation. This may result in impaired cross-presentation of antigens, impaired antigen-
presenting capacity, or excessive presentation of autoantigens, depending on the model®>7374, Such
adjustments in DC functions eventually alter T cell responses, thereby inhibiting proper helper T
cell responses against pathogens or activating autoreactive T cell responses. On the other hand, T
cell activation or proliferation can also be adjusted in NOX2-deficient conditions, as NOX-derived
ROS can directly modulate signaling pathways involved in T cell activation and proliferation7".
For instance, in the model of asthma, NOX2-null mice featured enhanced Th2 effector functions in
a T cell intrinsic manner, independently from the influence of DC8. Additionally, emerging
studies suggest that NOX2 deficiency may also affect B cell-related adaptive immune responses
such as B cell follicle formation and antibody production’7°. McCarthy et al. reported that NOX2-
deficient mice feature impaired B cell responses, such as germinal center B cell formation or
plasma cell differentiation, which is caused by MyD88-dependent influx of detrimental monocytes
and neutrophils®. Furthermore, Dasoveanu et al. emphasized that NOX2 deficiency leads to
defects in monocyte-mediated plasma cell regulation, resulting in excessive secretion of

antibodies®?.

2.9. Role in chronic inflammatory diseases



Although CGD is mainly known for its extreme susceptibility to pathogens, CGD patients and
NOX2-deficient animal models also feature exacerbated pathogenesis of various non-infectious
chronic inflammatory diseases, including inflammatory bowel disease (IBD), rheumatoid arthritis
(RA), and asthma. NOX2 deficiency may exacerbate inflammation due to dysregulated ROS
signaling, which can lead to neutrophilic inflammation or robust T cell responses against
autoantigens®. In IBD, NOX2-derived ROS is known to regulate intestinal inflammation and
epithelial barrier function, and NOX2 deficiency exacerbates disease severity through uncontrolled
inflammation mediated by myeloid cells in the tissue.®%. In RA, NOX2-derived ROS also play a
role in regulating immune responses and joint inflammation. 8. NOX2 deficiency is reported to
exacerbate RA through uncontrolled pro-inflammatory cytokine production from joint neutrophils
and altered development of Th17 and Treg cells. 38, Impaired NOX2 function is also associated
with the progression of asthma, triggering increased airway inflammation and hyper-
responsiveness, highlighting its role in regulating inflammatory pathways in the respiratory
system®2®”_ Collectively, these findings underscore the significance of NOX2-derived ROS in
maintaining immune homeostasis and suggest that NOX2 deficiency may contribute to the
pathogenesis and exacerbation of chronic inflammatory diseases. Autoimmune encephalomyelitis
(AE) is another chronic autoimmune inflammation model strongly associated with NOX2. NOX2
controls the expression of various inflammatory cytokines and chemokines, such as GM-CSF, IL-
1, IL-6, and the TNF superfamily, in the progression of AE. In NOX2-deficient conditions, such
pro-inflammatory cytokines are upregulated by various cells, including inflammatory myeloid
cells and autoreactive T cells, consequently exacerbating neuroinflammation®®°. Systemic lupus
erythematosus (SLE) is another chronic autoimmune inflammatory disease known to be
susceptible in CGD patients. Campbell et al. provided evidence that NOX2 deficiency is highly

correlated with the pathogenesis of SLE, featuring an increase in antibody-forming plasma cells
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and autoreactive antibodies’. The role of NOX2 deficiency in the pathogenesis of SLE somehow
resembles the pathogenesis of infectious diseases. Hahn et al. reported that impaired NOX2
function causes a diminished capacity for dead cell removal, resulting in poor removal of
secondary necrotic cells by monocytes. Impaired clearance of immune-stimulatory necrotic cell

compartments leads to autoimmune responses caused by monocytes and neutrophils®.

2.10. Therapeutic approaches to overcome NOX2-related immune disorders

Diverse approaches to understand the underlying immunologic mechanisms of immune
alterations in CGD patients and NOX2-deficient animals have enabled the establishment of
various methods effective for controlling disease progression. Therapeutic interventions for
NOX2-related immune disorders encompass a multifaceted approach aimed at managing
infections, controlling inflammation, and restoring NOX2 function in affected individuals.
Antimicrobial prophylaxis stands as a cornerstone in the management of CGD patients, mitigating
the risk of recurrent bacterial and fungal infections®. Additionally, anti-inflammatory agents play
a crucial role in modulating excessive inflammation associated with NOX2 deficiency, thereby
alleviating symptoms and preventing tissue damage®. These agents may include corticosteroids,
nonsteroidal anti-inflammatory drugs (NSAIDs), or biologic agents targeting specific
inflammatory pathways®%. Furthermore, hematopoietic stem cell transplantation (HSCT)
represents a curative option for CGD patients, aiming to restore NOX2 function by providing
healthy donor stem cells capable of generating functional phagocytes with intact NOX2 activity?,
HSCT has shown promising outcomes in improving immune function and reducing the frequency
of infections in CGD patients, although careful patient selection and post-transplant management
are essential to ensure optimal outcomes. A recent clinical study suggests potential threats of

hematopoietic stem cell inflammation, which is correlated with a high interferon score and
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increased frequencies of myeloid progenitors, may be detrimental for the CGD patients receiving
HSCT therapies®. Lentiviral gene therapy is emerging as a promising approach for the treatment
of CGD. This innovative therapeutic strategy involves the delivery of functional copies of the
affected gene into the patient's hematopoietic stem cells (HSCs) using lentiviral vectors derived
from lentiviruses such as HIV-1. Lentiviral gene therapy in CGD patients aims to restore
defective phagocyte function by introducing a functional copy of the CYBB gene, which encodes
the major subunit of the NOX2 complex®. This novel method is undergoing clinical trials,

showing promising results so far, but additional confirmation is still needed.
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3. CONCLUSION

NOX2 deficiency profoundly affects various aspects of immune function. This chapter
illustrates how impaired NOX2 function causes immune alterations, according to various studies
about impaired microbial killing, heightened susceptibility to infections, dysregulated
inflammation, altered neutrophil and macrophage function, uncontrolled influx of myeloid cells
and granuloma formation, disturbances in adaptive immunity, and the exacerbation of chronic
inflammatory diseases. Extensive research conducted in both mouse models and human studies has
offered valuable insights into the multifaceted roles of NOX2 in immune regulation.
Understanding the intricate mechanisms underlying NOX2 deficiency and its implications for
immune function is essential for developing effective therapeutic interventions for CGD patients.
Although CGD is a severe disease that causes significant suffering for patients, its harmful effects
are not widely known by the public due to its rarity. Further investigation into the role of NOX2 in
immune regulation and the development of targeted therapies must continue for the better quality
of life for patients. In addition, as NOX2 deficiency features clear alterations in immune responses
against pathogens or non-pathogenic stimuli, deep understanding of NOX2-deficient animal
models shall become a huge advantage for researchers adapting in vivo models for immunologic

studies.
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Chapter 11

Identification of host factors exacerbating Tuberculosis
pathogenesis in male NOX2KO mouse model

1. INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the causative agent of Tuberculosis (TB), which remains a
significant public health concern worldwide. Approximately, one-quarter of the world's population
is estimated to have latent Mtb infection, with 5-10% of these individuals at risk of developing active
TB at some point during their lifetime®. The factors that influence susceptibility to Mtb are still not
completely understood, which hampers the control of this harmful pathogen®-%°. There is extensive
documentation indicating that males are more susceptible to TB than females, and this sexual bias
is observed in various animal models including mice and humans'®, The increased TB
susceptibility in males is likely due to differences in immune cell functions as well as in their
compositions®193, Such host factor-mediated alterations in immune function may directly influence
immune responses to Mtb infection. Considering the importance of immunological balance in
maximizing anti-TB immunity, both excessive immune suppression or activation might be harmful
to the host during TB progressioni®1%, These clues have led to the hypothesis that several host
factors, such as biological sex and genetic distributions, which modulate inflammatory responses,

may influence TB immunopathogenesis.
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The phagocyte NADPH oxidase (NOX2, gp91°P") is located in the lumen of phagosomes. Its
primary function is to produce reactive oxygen species (ROS), which play a crucial role in protecting
the host against a wide range of pathogens®*. NOX2 also plays a vital role in regulating autophagy
and cytokine/chemokine signaling”®. The NOX2 complex is a multimeric enzyme composed of a
single catalytic transmembrane heterodimer (gp91°P"® / p22°h°x) and four cytosolic subunits (p40Pno
[ p47Phox [ p67PMox | Rac). Among the six major components of NOX2 complex, gp91Pox acts as the
catalytic core for ROS generation®®. Individuals with impaired NOX2 function may develop chronic
granulomatous disease (CGD), characterized by an increased susceptibility to fungal and bacterial
infections and impaired inflammation control®!2, Since Nox2 is located at Xp21.1 of the X
chromosome, CGD caused by Nox2 deficiency is inherited in an X-linked recessive manner,
primarily affecting young males®. Furthermore, individuals with X-linked CGD have a
heightened vulnerability to mycobacterial infections®. This poses significant challenges for TB
therapy and prevention in X-linked CGD patients as BCG vaccination cannot be implemented due
to the high risks of BCGosis, which is a disseminated mycobacterial infection that can occur
following BCG vaccination64041,

Although phagocyte NADPH oxidase-originated ROS play a crucial role in clearing intracellular
pathogens, studies have shown that phagocyte NADPH oxidase deficiencies did not significantly
alter mycobacterial growth compared to wild type (WT) animals. According to Cooper et al.,
p47rhox-deficient mice featured increase in lung mycobacterial load from 15 to 30 days post-infection.
However, the increase in mycobacterial load was not sustained after 30 days post-infection®’,
Additionally, Olive et al. reported that male and female gp91P"-deficient mice did not show an
increase in lung mycobacterial load until 60 days or 20 weeks post-infection%1%°, These researches
give clues that NOX2 deficiency may modulate immune responses against Mtb, independently of

ROS-mediated bactericidal effects. Recent studies support this idea as Thomas et al. demonstrated
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that gp91P"**-deficient mice displayed enhanced inflammation and lung neutrophil infiltration after
Mtb challenge, which were mediated by IL-1343,

Dysregulated inflammatory responses and aberrant granuloma formation are hallmark features of
X-linked CGD. X-linked CGD patients and NOX2-deficient mice exhibit uncontrolled formation of
granulomas, characterized by an excessive influx of phagocytic myeloid cells to the site of
infection®7, NOX2-deficient phagocytes, such as macrophages and neutrophils, are major
producers of pro-inflammatory cytokines*®4°, which can cause tissue damage**°. Given that NOX2
deficiency-induced X-linked CGD can cause TB susceptibility along with lung hyperinflammation,
we hypothesized that Mtb infection would cause uncontrolled inflammation and disruption of
immune tolerance in NOX2-deficient mice. As the maintenance of immune tolerance is critical for
effective anti-TB immunity, we further hypothesized that controlling the specific immunologic
factor which causes Mtb infection-driven hyperinflammation would be crucial for ameliorating TB
pathogenesis.

In this study, we established four experimental groups to investigate how two independent host
factors (NOX2 deficiency and male sex) can modify the immunological responses against Mtb
infection. As both male sex and NOX2 deficiency are risk factors for TB susceptibility, we
hypothesized that male Nox2”- mice would exhibit severer TB progression than female Nox2”- mice
and male WT mice. Additionally, we anticipated that specific immune factors would contribute to
TB pathogenesis and hyperinflammation in male Nox2”- mice, which show a clear correlation to
disease progression. Finally, we aimed to discover novel interventions that can effectively regulate
these disease-promoting factors in male Nox2”- mice.

We found that male Nox2”~ mice exhibited higher levels of lung inflammation and mycobacterial
burden compared to female Nox2” mice and WT mice following Mtb challenge. Male Nox2” mice

also featured elevated production of pro-inflammatory cytokines in the lungs, along with excessive
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infiltration of immature neutrophils and reduction of lymphocytes at infection sites. We also
dissected the properties of aberrant permissive immature neutrophils, which were distinct from
mature neutrophils and constituted the majority of immune cell populations in male Nox2” mice.
By reducing the number of total lung neutrophils or immature neutrophils, we could successfully
mitigate TB pathogenesis in male Nox2” mice. Finally, we determined that G-CSF, rather than other
cytokines, is the dominant controller of immature neutrophil generation through in vivo
neutralization of each cytokine. Collectively, we identified G-CSF driven permissive neutrophils as
the key immunologic factor that facilitates TB immunopathogenesis and lung hyperinflammation in
male Nox2” mice. Furthermore, we suggested novel therapeutic interventions targeting immature

neutrophils, which might be potential for controlling TB in NOX2-deficient condition.
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2. MATERIALS AND METHODS

2.1. Ethics statements and study approval

All animal experiments followed the regulations set by the Korean Food and Drug Administration.
The Ethics Committee and Institutional Animal Care and Use Committee (2019-0174; C57BL/6N,
Nox2, 2022-0140; C57BL/6N, Nox2") at Yonsei University Health System (Seoul, Korea) granted

approval for each experimental protocol.

2.2. Mice

Six- to seven-week-old female and male C57BL/6N mice were obtained from Japan SLC, Inc.
(Shizuoka, Japan). Six- to seven-week-old female and male Nox2”- mice were provided by Dr. Yun
Soo Bae (Ewha Womans University, Seoul, South Korea). The mice were housed in a specific
pathogen-free (SPF) environment with barriered conditions at the Yonsei University Medical

Research Center SPF facility.

2.3. Bacterial culture and infection protocols

Purchase of the Mtb K strain, mycobacterial culture, and aerosol infection processes were
executed according to the referenced studies*%'!. The mycobacteria were cultured in 7H9 broth
supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC; Difco Laboratories, MD)
and 2 pg/ml of mycobactin J (Allied Monitor, Fayette, MO) for 4 weeks at 37°C. Following
cultivation, all bacteria were washed three times with 10 mM phosphate-buffered saline (PBS; pH
7.4). Bacterial cell pellets were collected after centrifugation, and small aliquots were stored at -
80°C until use. The Mtb K strain used for in vivo challenges was PDIM positive. YFP vectors for

the generation of YFP* Mtb K strain were kindly gifted by Dr. Christopher Sassetti. In order to
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deliver bacteria to the lungs of each mouse, all mice were exposed to at least 200 viable mycobacteria

in an inhalation chamber for 60 minutes.

2.4. In vivo treatments for neutrophil control

From two weeks post-infection, 250 pg/mouse of anti-Ly6G mAb (clone: 1A8, Bio X Cell, West
Lebanon, NH, USA), 200 pg/mouse of anti-IL-1R mAb (clone: JAMA-147, Bio X Cell, West
Lebanon, NH, USA), 200 pg/mouse of anti-IFN-y mAb (clone: H22, Bio X Cell, West Lebanon,
NH, USA), and 250 pg/mouse of anti-IL-17A mAb (clone: 17F3, Bio X Cell, West Lebanon, NH,
USA) mAb were intraperitoneally administered. The antibodies were diluted in PBS and
administered three times a week for a total duration of two weeks. From one-week post-infection,
30 pg/mouse of anti-G-CSF mADb (clone: #67604, R&D Systems, Minneapolis, MN, USA), 200
pug/mouse of anti-IL-1R mAb (clone: JAMA-147, Bio X Cell, West Lebanon, NH, USA), 400
pug/mouse of anti-IL-6 mAb (clone: MP5-20F3, Bio X Cell, West Lebanon, NH, USA), 200
pug/mouse of anti-IL-1o. mAb (clone: ALF-161, Bio X Cell, West Lebanon, NH, USA), and 200
pg/mouse of anti-IL-13 mAb (clone: B122, Bio X Cell, West Lebanon, NH, USA) were
intraperitoneally administered. The antibodies were diluted in PBS and administered three times a
week for a total duration of three weeks. Rat 1gG2a, rat IgG1, Armenian hamster 1gG, and mouse
IgG1 isotype control antibodies were purchased from Bio X Cell (West Lebanon, NH, USA). Isotype
control antibodies were administered to control mice in correspondence with the original antibodies.
From one-week post-infection, 20 pg/mouse of AM80 (Sigma-Aldrich, St. Louis, MO, USA) was
orally administered. AM80 was diluted in PBS and administered three times a week for a total

duration of three weeks.

2.5. Antibodies and flow cytometry
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Flow cytometric analysis of immune cells was conducted using the subsequent antibodies.
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit, Green Dead Cell Stain Kit, and Aqua Dead Cell
Stain Kit were purchased from Molecular Probes (Carlsbad, CA, USA). Brilliant violet (BV) 605-
conjugated mAb against Thyl.2 and CD19; Allophycocyanin (APC)-conjugated mAb against
CD45R (B220); BV 421-conjugated mAb against CD45; APC-R700-conjugated mAb against
Siglec-F; Fluorescein isothiocyanate (FITC)-conjugated mAb against CD95 (FAS); BV 786-
conjugated mAb against CXCR2; and V450- conjugated mAb against Ly6G were purchased from
BD Bioscience (San Jose, CA, USA). Phycoerythrin (PE)-conjugated mAb against CXCR2, CD64,
IFN-y, and GL7; Peridinin chlorophyll (PerCP)-Cy5.5-conjugated mAb against CD11b; APC-Cy7-
conjugated mAb against MHC-II; Alexa fluor 700-conjugated mAb against CD62L; and PE-Dazzle
conjugated mAb against CD11c were purchased from Biolegend (San Diego, CA, USA). Surface

and intracellular staining processes were executed according to the referenced study**2.

2.6. Preparation of single cell suspensions and immune cell analysis

Four weeks post-infection, the mice were euthanized via inhalation of carbon dioxide and then
underwent an autopsy. The mouse lungs were perfused before undergoing flow cytometry analysis.
Using the methods described in previous studies''®'!4, single-cell suspensions were obtained from
the entire lung tissue. These cells were then stained with the mAbs mentioned in the previous section

and subjected to flow cytometry analysis.

2.7. Measurement of cytokines
For the analysis of lung cytokines, lung lysates from the autopsied mice were collected,
homogenized, dissolved into PBS, and then stored in a -80°C freezer. For the analysis of T cell

cytokines, lung single cell suspensions were stimulated with two different Mtb antigens, PPD and
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ESAT-6 according to the referenced studies!'?'4, To detect cytokines, sandwich enzyme-linked
immunosorbent assay (ELISA) and LEGENDplex kits were utilized. Briefly, mouse G-CSF and IL-
la ELISA kits were purchased from R&D Systems (Minneapolis, MN, USA). Mouse IFN-y, IL-1,
IL-17A, and IL-5 ELISA kits were purchased from Invitrogen (San Diego, CA, USA). Mouse IL-
10 ELISA kit, LEGENDplex mouse B cell panel (for the detection of TNF-a, IL-4, IL-6, BAFF, and
TGF-B), and LEGENDplex mouse inflammation panel (for the detection of IL-1a, IL-1B) were

purchased from Biolegend (San Diego, CA, USA).

2.8. Quantification of lung inflammation and mycobacterial CFU

The lungs and spleens of Mtb infected mice were harvested four weeks post-infection. The right
superior lobes of the lungs were kept in 10% formalin overnight for preservation and later embedded
in paraffin. To perform histopathologic analysis, the lungs were sectioned at 4-5 pm and stained
with hematoxylin and eosin (H&E). To quantify pulmonary inflammation in each mouse, we
employed Adobe Photoshop (Adobe, San Jose, California) and ImageJ (National Institutes of Health,
USA) programs, following a previously described reference®'®. The complete lung lesion image was
isolated using Adobe Photoshop and saved as a separate file. Another image, identical in size to the
original lung image but filled with black, was also saved as a separate file. These images were then
opened in ImageJ. By using the 'Split Channels' function, the image from the green channel was
processed to calculate the size of the area showing green positivity, which was originally purple-
blue due to H&E staining. The black-colored image was analyzed through the green channel in the
same manner to calculate the size of the entire lung lesion. The ‘inflamed area (%) value, which
indicates the proportion of inflamed tissue relative to the entire lung lesion, was computed by
dividing the green positivity values of the first image by the green positivity values of the black-

colored image. Subsequently, the actual size of the inflamed lesion was calculated by determining
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the pixel values in Adobe Photoshop. The pixel value corresponding to a single millimeter was
calculated based on a 2mm scale bar included in each images. The pixel value for the entire lung
lesion was also enumerated, and the value was divided by the square of the pixel value representing
one millimeter to quantify the size (mm?) of each lung lesion. By multiplying the inflamed area (%)
values by the total lung sizes (mm3 for each sample, we were able to precisely enumerate the exact
size of each inflamed area (mm3. To enumerate mycobacterial growth, lung and spleen tissues were
plated onto Middlebrook 7H10 agar (Becton Dickinson, Franklin Lakes, NJ, USA) after
homogenization, following preparation methods from previous studies''*16. After a four-week

incubation period at 37°C, mycobacterial colonies were counted.

2.9. Neutrophil purification and assessment of mycobacterial permissiveness

MACS magnetic cell sorting kit including anti-Ly6G magnetic beads and LS MACS columns
(Miltenyi Biotec, Bergisch Gladbach, Germany) was used to enrich Ly6G* cells from the lungs of
Mtb-infected mice. The manufacturer's protocols were followed. After separating Ly6G™* lung cells,
the cells were treated with Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and plated onto
Middlebrook 7H10 agar (Becton Dickinson, Franklin Lakes, NJ, USA). After a three-week

incubation period at 37°C, mycobacterial colonies were counted.

2.10. Statistical analyses

The results were presented as the mean + standard deviation (SD). To analyze the significance of
differences between two selected groups, One-way ANOVA and Mann-Whitney U test were
conducted using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA, USA,
www.graphpad.com). The statistical significance was determined using the following definitions:

n.s.: not significant, *p < 0.05, and **p < 0.01. Correlation analysis and unpaired t-test were
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conducted using GraphPad Prism, and the correlation coefficients and p-values were reported for
each graph. Flowjo V10 (Flowjo, Ashland, OR, USA) was employed to perform t-distributed

stochastic neighbor embedding (t-SNE) analysis.
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3. RESULTS

3.1. Male Nox2"- mice feature increased mycobacterial burden and lung hyperinflammation
following aerosol infection with the Mtb K strain

Female WT, male WT, female Nox2", and male Nox2- mice were aerosol-infected with the Mtb
K. At four weeks post-infection, the mice were autopsied to assess the severity of TB and immune
function (Figure 1A). The mice were euthanized at the four weeks post-infection time point, when
the increases in lung bacterial load (Figure 2A) and neutrophil infiltration (Figure 2B) - key
pathological features of Mth-infected Nox2” mice®*? - reached their peak. These measures began to
increase from two weeks post infection, peaked at four weeks post-infection, and subsequently
decreased until twelve weeks post-infection in Nox2”- mice. Male Nox2” mice showed the highest
lung bacterial load, spleen bacterial load, and lung inflammation. Female Nox2”- mice featured the
second-highest severity, while male and female WT mouse groups were ranked as 3rd and 4th,
respectively (Figure 1B, 1C). Pro-inflammatory cytokines including IFN-y, IL-1a, IL-1p, IL-17A,
IL-6, TNF-a, G-CSF, and BAFF were significantly upregulated in the lungs of male Nox2” mice
(Figure 1D). Conversely, anti-inflammatory cytokines including IL-4, IL-5, and TGF-$ were not
upregulated in the lungs of male Nox2” mice, although I1L-10 was significantly upregulated (Figure
1E). This indicates that NOX2 deficiency plays a significant role in accelerating TB
immunopathogenesis, as both male and female Nox2”- mice feature exacerbated TB progression.
Furthermore, we also found that male sex additionally promotes TB pathogenesis, as indicated by

severer TB progression in male Nox2~ mice.
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Figure 1. Male Nox2”~ mice featured severe lung hyperinflammation and increased bacterial
load upon Mtb infection. (A) Experimental design for in vivo analysis of TB susceptibility. Six to
seven-week-old female WT, male WT, female Nox2", and male Nox2” mice (n = 6 per group) were
aerosol-infected with Mtb K strain. At four weeks post-infection, all mice were autopsied, and
immunological analysis, bacterial counting, and histopathological analysis were conducted
(indicated by red arrow). Initial CFU = 288. (B) Mycobacterial CFUs in the lungs and spleens of
each group at four weeks post-infection were analyzed by calculating the number of colonies and
presented in bar graphs. (C) H&E staining was performed on the superior lobes of the right lung at
four weeks post-infection to visualize the gross lung pathology. The inflamed area of the H&E-
stained samples was quantified in terms of percentage and square millimeters and presented in bar
graphs. (D) IFN-y, IL-10, IL-1pB, IL-17A, IL-6, TNF-0, G-CSF, and BAFF levels in Mtb-infected
mouse lung lysates were measured by ELISA and LEGENDplex. (E) IL-10, IL-4, IL-5, and TGF-§
levels in Mtb-infected mouse lung lysates were measured by ELISA and LEGENDplex. The
cytokine levels are presented in bar graphs. The experiment was conducted twice. The data are
presented as the mean = SD of six mice in each group. The significance of differences was

determined, using the One-way ANOVA test. n.s., not significant. *p < 0.05, **p <0.01.
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Figure 2. The gating strategy for immune cell populations and the kinetics time-course data of
pulmonary CFUs and neutrophils are provided. (A) Pulmonary CFUs of female WT and Nox2"
mice were enumerated in a time-course dependent manner. six-week old female WT and Nox2™
mice (n = 5 per group) were aerosol infected with Mtb K strain. Mycobacterial CFUs in the lungs
of Mtb infected mice were calculated at 0, 2, 3, 4, 8, and 12 weeks post-infection. Initial CFU =373.
The experiment was conducted once. (B) Pulmonary neutrophil counts were calculated at 0, 2, 3, 4,
8, and 12 weeks post-infection. The experiment was conducted once. The significance of differences
was determined, using the One-way ANOVA and Mann-Whitney U test. n.s., not significant. *p <
0.05. **p <0.01. (C) The gating strategy for immune cell populations is presented as flow cytometry
plots. Firstly, Live cells stained with the LIVE/DEAD Aqua Dead Cell Stain Kit were gated among
single cells. CD45" immune cells were then gated in order to investigate lung immune cell
compositions. Among CD45" immune cells, CD19*CD90.2* SSC-A"® lymphocytes and CD19-
CD90.2'SSC-AM myeloid cells were discriminated. Lymphocytes consisted of CD90.2* T cells,
CD19'B220" B cells, and CD19*B220*GL7*FAS* germinal center B cells. Myeloid cells consisted
of CD11b*Ly6G* neutrophils, CD11c*Siglec-F* alveolar macrophages, CD11b*CD64" macrophages,

and CD11c*MHC-II* dendritic cells.
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3.2. Pulmonary infiltration of neutrophils and loss of B lymphocytes are correlated with TB
pathogenesis of male Nox2”- mice

To determine which immune cell population is associated with dysregulated pro-inflammatory
cytokine production, live lung cell compositions of Mtb infected mice were examined according to
the attached flow cytometry gating strategy (Figure 2C). Male Nox2” mice exhibited the highest
numbers and percentages of CD11b*Ly6G* lung neutrophils, while female WT mice featured the
lowest among the four groups (Figure 3A). On the other hand, male Nox2”~ mice showed a
significant reduction in pulmonary CD90.2* T cell percentages (Figure 3B), CD19*B220* B cell
counts (Figure 3C), and CD19"B220*GL7*FAS* Germinal Center B cell counts (Figure 3D).

The disparity in TB progression peaked at four weeks post-infection, as male Nox2” mice
exhibited significantly increased lung bacterial loads and pulmonary neutrophil counts at this time,
compared to male WT mice and female Nox2”- mice. The increase in lung CFU (Colony-forming
unit) s and pulmonary neutrophils in male Nox2”- mice began between two and three weeks post-
infection and reached its maximum at four weeks post-infection. Interestingly, the disparity in
pulmonary neutrophil counts between male Nox2”- mice and other groups was more pronounced
than the differences in lung CFUs at two and three weeks post-infection, as the latter did not show
significant statistical differences, suggesting that the influx of pulmonary neutrophils occurs earlier
than the increase in lung bacterial load (Figure 3E). T cell responses against mycobacterial antigen
stimulations were also examined, as IFN-y producing CD4* T cells take crucial roles in anti-TB
immunity!7118_ Although male Nox2"- mice featured the most exacerbated TB progression among
the four groups, T cell responses against Mtb antigens were strongly maintained (Figure 4). The
numbers of pulmonary CD11c*Siglec-F* alveolar macrophages, CD11b*CD64" macrophages, and
CD11c*MHCII* dendritic cells were also significantly reduced in male Nox2” mice (Figure 5). The

immune cell dynamics in the lungs of mice infected with Mth were visually represented using pie-
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charts and t-SNE plots. We observed that neutrophils, B cells, and T cells comprise the majority of
pulmonary immune cells (Figure 3E). Furthermore, we found strong correlations between these
immune cell populations and TB severity. The percentages of neutrophils displayed a strong positive
correlation with TB severity, with high correlation coefficients and low p-values. Conversely, the
percentages of T cells did not exhibit a significant correlation with TB severity, while the
percentages of B cells demonstrated a reverse correlation with TB severity. The loss of pulmonary
B cells also showed a significant negative correlation with neutrophil infiltration (Figure 6). Thus,
we hypothesized that TB susceptibility of male Nox2” mice is highly associated with the increase

of pulmonary neutrophils
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Figure 3. Neutrophils are increased in the lungs of Mtb infected male Nox2” mice while B cells
are diminished. Pulmonary (A) CD11b"Ly6G* neutrophil, (B) CD90.2" T cell, (C) CD19" B220" B
cell, and (D) CD19" B220" GL7" FAS" Germinal Center B cell populations of Mtb-infected mice at
four weeks post-infection. The percentages of each immune cell among lung CD45" cells and total
cell counts are presented in bar graphs. (E) Pulmonary CFUs and neutrophil counts of female WT,
male WT, female Nox2”", and male Nox2"~ mice were enumerated in a time-course dependent manner.
Six-week old mice (n = 5 per group) were acrosol infected with Mtb K strain. The number of lung
neutrophils were calculated at 0, 2, 3, and 4 weeks post-infection. Red bars and symbols represent
statistical analysis between male Nox2”" mice and male WT mice. Black bars and symbols represent
statistical analysis between male Nox2” mice and female Nox2” mice. Initial CFU = 300. The
experiment was conducted once. The data are presented as the mean =+ SD of five or six mice in each
group. The significance of differences was determined, using the One-way ANOVA test. n.s., not
significant. **p <0.01. (F) The compositions of the six major lung immune cell populations in Mtb-
infected mice are presented in pie charts and t-SNE plots. The six major immune cells consist of
neutrophils (red), macrophages (orange), alveolar macrophages (bright brown), dendritic cells
(purple), B cells (blue), and T cells (green). The percentages of each immune cell among the sum of

the six major immune cells are presented in pie charts.

32



Lung IFN-y (pg/ml)

*CD4* T cells /

-y

% IFN

15000 — LY EE ok 1000— ok EL] T
e ez L ek ek e
o
o® _ = 8004
10000 i o £
- : 9 =3 2
: 8 = 600 N
<
o AR Mk 0 oo B T 400 e o [N T
5000 oo ‘< od  of BN =y ° g o
° : 3 2004 o g o 2

Non PPD ESAT-6 Non PPD ESAT-6

CD90.2*CD4*CD44*CD62L gated

0.16% 0.17% 0.79%
c
o
=z
1.52% 2.82% 2.40%
[m]
o
& =
0) 1.96% 2.94% 2.07%
\f ®
iR &
I 2]
L e P =S =
FSC-H—
4 - #ok ok n.s. 4%1()5 = ke o ET3
*ok Hok *k Hk n.s *
a o o2
[} o030 of
ﬁ 3x105- B s N o
@ 5 3
8 fal P
ta ? 2x105
E I
5 z o
; 1x105- g ot afh, all
=z
Non PPD ESAT-6 Non PPD ESAT-6

O wrTF B wTm
MW Nox2*F H Nox2" M



Figure 4. Pulmonary T cells of male Nox2” mice maintained strong responses against
mycobacterial antigens. Live lung cell suspensions were cultured with or without the
mycobacterial antigens ESAT-6 and PPD for 8 hours. (A) Lung IFN-y levels and (B) Lung IL-17A
levels after mycobacterial antigen stimulus are presented in bar graphs. (C) IFN-y positive CD90.2*
CD4' CD44" CD62L" effecter T cell populations are presented in bar graphs and flow cytometry
plots. The data are presented as the mean + SD of six mice in each group. The significance of

differences was determined, using the One-way ANOVA test. n.s., not significant. **p <0.01.
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Figure 5. Alveolar macrophages, macrophages, and dendritic cells were reduced in the lungs
of Mtb infected male Nox2” mice. Pulmonary (A) CD11c'Siglec-F* alveolar macrophages, (B)
CD11b*CD64" macrophages, and (C) CD11¢"MHCII" dendritic cell populations of Mtb-infected
mice at four weeks post-infection. The percentages of each immune cell among lung CD45" cells
and total cell counts are presented in bar graphs. The data are presented as the mean = SD of six
mice in each group. The significance of differences was determined, using the One-way ANOVA

test. **p <0.01.
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Figure 6. TB severity featured strong correlation to increase of lung neutrophils and decrease
of lung B cells. The percentages of (A) neutrophils, (B) T cells, and (C) B cells among lung CD45*
cells were individually correlated with inflamed lung percentages, inflamed lung area, and lung
bacterial loads of each mouse and presented in correlation graphs. Additionally, (D) the ratio of
pulmonary B cells to neutrophils (B:N ratio) was also individually correlated with inflamed lung
percentages, inflamed lung area, and lung bacterial loads of each mouse and presented in correlation
graphs. The significance of differences was determined by unpaired t-test and correlation analysis,

featuring r and p values of each correlation.
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3. Pulmonary neutrophils of Mtb infected male Nox2” mice are predominantly composed of
aberrant CD11b™Ly6G™CXCR2'°CD62L'" permissive immature neutrophils

It was not only the number of neutrophils that were altered in male Nox2” mice. Pulmonary
neutrophils of male Nox2” mice featured CD11b™Ly6G™ phenotypes, while neutrophils of other
mouse groups featured CD11b"Ly6G" phenotypes. Atypical lung neutrophils of male Nox2” mice
showed relatively lower expression of CD11b, Ly6G, Ly6C, CXCR2, and CD62L compared to
WT neutrophils, along with higher expression of CXCR4 (Figure 7A). We categorized
CD11b*Ly6G* pulmonary neutrophils into two distinct populations based on CXCR2 expression.
According to previous studies, Ly6G" or CXCR2" lung neutrophils are categorized as mature
neutrophils, whereas Ly6G™ or CXCR2' lung neutrophils are categorized as immature
neutrophilst*®1?2, We revealed that CD11b*Ly6G* pulmonary neutrophils of Mtb infected mice are
consisted of CXCR2" and CXCR2'° populations. Moreover, we figured out that CXCR2" mature
pulmonary neutrophils highly expressed CD62L, while CXCR2'"° immature neutrophils featured
low expression of CD62L through our own gating strategy (Figure 7B). The majority of Nox2"
pulmonary neutrophils were CXCR2'°CD62L' immature neutrophils, whereas WT pulmonary
neutrophils comprised both immature and mature neutrophils. This suggests that the excessive
accumulation of pulmonary neutrophils in male Nox2”- mice is primarily mediated by immature
neutrophil-specific lung infiltration (Figure 7C). We also analyzed neutrophil profiles from
uninfected WT and Nox2”- mice. The number of pulmonary total and immature neutrophils (Figure
8A, 8B), as well as bone marrow (BM) total and immature neutrophils (Figure 8C, 8D), were not
increased in uninfected male Nox2” mice. Therefore, we concluded that the extreme pulmonary
infiltration of CXCR2'°CD62L'" immature neutrophils is initiated by the pathogenic stimulus
triggered by Mth infection. CXCR2'°CD62L'"° immature lung neutrophils displayed significantly

lower expression levels of CD11b and Ly6G, which are major activation markers of neutrophils.
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They also featured lower FSC-A and SSC-A values compared to mature lung neutrophils,
indicating that CXCR2'°CD62L'° neutrophils are characterized by their smaller size and reduced
granularity when compared to mature neutrophils (Figure 7D). To evaluate the permissiveness of
pulmonary neutrophils, we isolated lung neutrophils from Mtb-infected mice and quantified
intracellular bacterial counts. Nox2”7 pulmonary neutrophils, predominantly consisted of
CXCR2"°CD62L'" immature neutrophils, exhibited higher mycobacterial permissiveness compared
to WT pulmonary neutrophils (Figure 7E). To examine if CXCR2'°CD62L'" immature neutrophils
are more permissive than CXCR2"CD62L" mature neutrophils, we infected male WT and Nox2™"
mice with YFP-expressing Mtb K strain. At four weeks post-infection, the mice were euthanized,
and neutrophil permissiveness was evaluated using flow cytometry analysis (Figure 9A). We noted
that neutrophils constituted the majority of YFP* cells in male Nox2” mice, and the number of
Mtb-containing neutrophils were also increased. The mean fluorescence intensity (MFI) values of
YFP in Nox2” lung neutrophils were substantially higher than those in WT mice, indicating
increased mycobacterial permissiveness of Nox2” lung neutrophils (Figure 9B). Both immature
and mature Mtb-containing neutrophil populations were enlarged in Nox2”- mice. Notably,
immature neutrophils displayed considerably higher YFP MFI values than mature neutrophils,
suggesting their increased permissiveness to Mtb (Figure 9C). Conversely, the proportion of YFP*
alveolar macrophages was lower in male Nox2” mice, and there was no significant difference in
the number of YFP* alveolar macrophages between WT and Nox2” mice, although these cells
exhibited relatively higher YFP MFI values compared to mature neutrophils (Figure 9D). The
number of YFP* macrophages was elevated in Nox2” mice, but their YFP MFI values were
relatively lower than those of immature neutrophils and alveolar macrophages (Figure 9E). In
conclusion, we hypothesized that immature neutrophils are the primary permissive phagocytes in

male Nox2”- mice, considering both their dominance in population and their significant bacterial
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permissiveness as indicated by MFI values. These results suggest that permissive immature lung
neutrophils may play a key role in driving TB pathogenesis and lung hyperinflammation in male

Nox27 mice.
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Figure 7. CD11b™Ly6G™ CXCR2""CD62L" immature neutrophils were dominant among the
pulmonary neutrophils of Mtb infected male Nox2”* mice. (A) The expression levels of CD11b,
Ly6G, Ly6C, CXCR4, CXCR2, and CD62L on CD11b*Ly6G" neutrophils in the lungs of Mtb-
infected mice at four weeks post-infection are presented. The mean fluorescent intensity (MFI)
values of each molecule are presented in bar graphs. (B) The gating strategy used to distinguish
immature and mature pulmonary neutrophils. CD11b"Ly6G™ neutrophils were classified into
CXCR2" mature neutrophils (red) and CXCR2! immature neutrophils (bright blue). (C) CD62L
expression levels of CXCR2" neutrophils and CXCR2!° neutrophils are presented into contour plots,
demonstrating that mature neutrophils feature CXCR2MCD62L" phenotypes while immature
neutrophils feature CXCR2"°CD62L"°phenotypes. The numbers and percentages of immature and
mature neutrophils among total pulmonary neutrophils in each group are presented in bar graphs,
along with flow cytometry plots. (D) The expression levels of CD11b and Ly6G on mature and
immature pulmonary neutrophils are presented in flow cytometry plots and bar graphs, along with
FSC-A and SSC-A values of mature and immature neutrophils. (E) The purity of mouse lung
neutrophils after Ly6G specific magnetic sorting and their bacterial permissiveness are presented in
flow cytometry plots and bar graphs. Equal numbers of WT and Nox2”" lung neutrophils were lysed
and plated onto 7H10 agar plates to enumerate bacterial permissiveness. The data are presented as
the mean & SD of six mice in each group. The significance of differences was determined, using the

One-way ANOVA test and Mann-Whitney U test. *p < 0.05, **p <0.01.
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Figure 8. BM and lung neutrophil profiles of uninfected WT and Nox2” mice are illustrated.
Neutrophil counts and percentages from the lungs and bone marrows of uninfected WT and Nox2"
mice are provided (n = 4 per group). (A) The percentages of neutrophils among lung CD45" cells
and total cell counts are presented in bar graphs, along with flow cytometry plots. (B) Total cell
counts and the percentages of CXCR2°CD62L" immature neutrophils and CXCR2MCD62LM
mature neutrophils among total lung neutrophils are presented in bar graphs, along with flow
cytometry plots. (C) The percentages of neutrophils among CD45" bone marrow cells and total cell
counts are presented in bar graphs, along with flow cytometry plots. (D) Total cell counts and the
percentages of CXCR2°CD62L"° immature neutrophils and CXCR2"CD62L" mature neutrophils
among total bone marrow neutrophils are presented in bar graphs, along with flow cytometry plots.
The data are presented as the mean = SD of four mice in each group. The significance of differences
was determined using the One-way ANOVA test and Mann-Whitney-U test. n.s., not significant. *p

<0.05. **p <0.01.
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Figure 9. Immature neutrophils were the most permissive cells to mycobacterial infection
among phagocytes infected with YFP* Mth. (A) Experimental design for the in vivo enumeration
of permissiveness in phagocytes. Male WT and Nox2" mice (n = 5 per group) were aerosol infected
with YFP-expressing Mtb K strain. At four weeks post-infection, all mice were autopsied, and
permissiveness of neutrophils were analysed via flow cytometry (indicated by red arrow). Initial
CFU = 742. (B) The percentage of neutrophils among YFP* cells are presented in bar graphs, along
with flow cytometry plots. The number of YFP* neutrophils and MFI values of YFP in concatenated
neutrophils (103 cells) are presented in bar graphs. (C) Total cell counts, percentages among YFP*
neutrophils, and MFI values of YFP (per 103 concatenated cells) in CXCR2°CD62L!"° immature
neutrophils and CXCR2MCD62L" mature neutrophils are presented in bar graphs, along with flow
cytometry plots. Total cell counts, percentages among YFP* cells, and MFI values of YFP (per 103
concatenated cells) in (D) CD11c¢*Siglec-F* alveolar macrophages and (E) CD11b*CD64" recruited
macrophages are presented in bar graphs, along with flow cytometry plots. The experiment was
conducted once. The data are presented as the mean + SD of five mice in each group. The
significance of differences was determined using the One-way ANOVA test and Mann-Whitney-U

test. n.s., not significant. *p < 0.05. **p <0.01.
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4. Neutrophil depletion alleviates TB pathogenesis and lung hyperinflammation in male Nox2
" mice

The exacerbated TB pathogenesis of male Nox2” mice was characterized by uncontrolled pro-
inflammatory cytokine production and influx of permissive immature pulmonary neutrophils.
Considering that neutrophils contribute to lung inflammation in Nox2” mice!**1123 and they are
responsible for the increased mycobacterial burden in TB susceptible mouse models?*1?5 we
hypothesized that reducing Ly6G™* neutrophils would alleviate TB pathogenesis in male Nox2”- mice.
Starting from two weeks post-infection, a Ly6G-specific monoclonal antibody (mAb) was
intraperitoneally injected to WT and Nox2” mice to deplete neutrophils. At four weeks post-
infection, the mice were autopsied (Figure 10A). Neutrophil depletion alleviated TB pathogenesis
in both WT and Nox2” mice, by effectively reducing bacterial load in the lungs and spleens (Figure
10B) and lung inflammation (Figure 10C). IFN-y, IL-1 a, IL-1 B, IL-6, TNF-0, and G-CSF levels
were significantly downregulated in the lungs of male Nox2”- mouse after neutrophil depletion
(Figure 10D), while IL-10, IL-4, IL-5, and TGF-B levels were not significantly altered (Figure 10E).
Therefore, we clarified that Ly6G* neutrophils are the actual cause of TB progression and lung

hyperinflammation in male Nox2”- mouse.
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Figure 10. Neutrophil depletion ameliorated TB pathogenesis in male Nox2” mice. (A)
Experimental design for in vivo depletion of neutrophils in Mtb infected mice. six-week old male
WT and Nox2”" mice (n = 4 per group) were aerosol infected with Mtb K strain. Starting from two
weeks post-infection, 250 pg of anti-Ly6G mAb was intraperitoneally injected into each mouse three
times a week (indicated by blue bars). At four weeks post-infection, all mice were autopsied, and
immunological analysis, bacterial counting, and histopathological analysis were conducted
(indicated by red arrow). Initial CFU = 569. (B) Mycobacterial CFUs in the lungs and spleens of
each group at four weeks post-infection were analyzed by calculating the number of colonies and
presented in bar graphs. (C) H&E staining was performed on the superior lobes of the right lung at
four weeks post-infection to visualize the gross lung pathology. The inflamed area of the H&E-
stained samples was quantified in terms of percentage and square millimeters and presented in bar
graphs. (D) IFN-y, IL-10, IL-1pB, IL-17A, IL-6, TNF-0, G-CSF, and BAFF levels in Mtb-infected
mouse lung lysates were measured by ELISA and LEGENDplex. (E) IL-10, IL-4, IL-5, and TGF-
levels in Mtb-infected mouse lung lysates were measured by ELISA and LEGENDplex. The
cytokine levels are presented in bar graphs. The experiment was conducted twice. The data are
presented as the mean + SD of four mice in each group. The significance of differences was

determined, using the One-way ANOVA and Mann-Whitney U test. n.s., not significant. *p < 0.05.
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5. Neutrophil depletion reduces immature lung neutrophils and restores pulmonary
lymphocytes in Mtb infected male Nox2”- mice

Ly6G* neutrophil depletion not only ameliorated TB pathogenesis, but also altered immune cell
compositions in the lungs of male Nox2~- mice. Neutrophil depletion removed most lung neutrophils
in WT mice, and significantly reduced pulmonary neutrophil numbers in male Nox2”- mice (Figure
11A). Surprisingly, it was highly effective at reducing CXCR2'°CD62L" pulmonary immature
neutrophils in both WT and Nox2” mice (Figure 11B). Along with the reduction of immature
pulmonary neutrophils, the number of B cells were increased in the lungs of Mtb infected male Nox2
" mice (Figure 11C). However, neutrophil depletion did not significantly alter lung T cell population
in male Nox2”- mice (Figure 11D). This phenomenon was evident from the pie-charts and t-SNE
plots illustrating lung immune cell dynamics, which clearly showed the reduction of pulmonary
neutrophils and the restoration of B cells (Figure 11E). Consequently, we discovered that the
reduction of pulmonary neutrophil counts can restore the balance between lung lymphocytes and

neutrophils in male Nox2”- mice.
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Figure 11. Neutrophil depletion removed immature neutrophils and restored lymphocytes in
the lungs of Mtb infected Nox2”" mice. Pulmonary (A) CD11b'Ly6G' neutrophil, (B)
CD11b"Ly6G*CXCR2"°CD62L" immature neutrophil, CD11b*Ly6G*CXCR2"CD62L" mature
neutrophil, (C) CD19*MHC-II" B cell, and (D) CD90.2* T cell populations of Mtb-infected mice at
four weeks post-infection. The percentages of each immune cell among lung CD45" cells or total
neutrophils, and total cell counts are presented in bar graphs, along with flow cytometry plots. (E)
The compositions of the six major lung immune cell populations in Mtb-infected mice are presented
in pie charts and t-SNE plots. The six major immune cells consist of neutrophils (red), macrophages
(orange), alveolar macrophages (bright brown), dendritic cells (purple), B cells (blue), and T cells
(green). The percentages of each immune cell among the sum of the six major immune cells are
presented in pie charts. The data are presented as the mean £+ SD of four mice in each group. The
significance of differences was determined, using the One-way ANOVA and Mann-Whitney U test.

n.s., not significant. *p < 0.05.

53



4. DISCUSSION

Our study aimed to identify disease-promoting factors that are responsible for triggering Mtb-
induced immunopathogenesis in the absence of phagocyte oxidase. We found that pulmonary
infiltration of aberrant immature neutrophils is strongly associated with increased mycobacterial
burden, lung hyperinflammation, and the loss of pulmonary lymphocytes in male Nox2”- mice. We
were able to remarkably alleviate TB progression in male Nox2”- mice by reducing immature
neutrophil counts. Overall, we identified G-CSF, rather than other host factors, as the initiator of
immature pulmonary neutrophil-mediated TB immunopathogenesis in male Nox2” mice.

Progressed from previous studies on the roles of phagocyte oxidases in TB pathogenesis, our
study proposed novel advocative findings. First, we have demonstrated that both sex difference and
NOX2 deficiency can affect TB susceptibility in mice. In previous studies, gp91°P"*-deficient mice
did not feature a significant increase in mycobacterial load when compared to WT mice343108.109,
Similarly, Duox1 or p47°Pho*-deficient mice did not show an increase in lung mycobacterial load
around four weeks post-infection'®”126, Moreover, Olive et al. indicated that there was no variation
in TB susceptibility between male and female gp91P"*-deficient mice®*3. However, we displayed
that male Nox2”- mice exhibited a significantly higher lung mycobacterial load compared to WT
mice and female Nox2” mice. This could be attributed to the use of the Mtb K strain, recognized for
its heightened virulence in comparison to the H37Rv and H37Ra strains'?”1?¢, Additionally, as we
focused in vivo analysis at the four weeks post-infection period, when TB severity in Nox2”~ mice is
optimized, we were able to evaluate the exacerbated TB susceptibility of male Nox2” mice. This
observation of time-point-dependent alterations in TB progression in Nox2” mice is particularly
significant, as the pulmonary influx of neutrophils occurs before the explosive increase in

mycobacterial CFUs. Such findings highlight the crucial role of constant pulmonary neutrophil
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influx, serving as a source of uncontrolled inflammation and a superior niche for Mth, consequently
driving TB pathogenesis. Our results newly indicate that biological sex is one of the crucial factors
that accelerate TB pathogenesis in mice lacking phagocyte NADPH oxidase, which is inherited in
an X-linked manner. Additionally, to the best of our knowledge, our study is the first to investigate
the populations and functions of pulmonary lymphocytes in Nox2” mice during Mtb infection. We
revealed that IFN-y-producing CD4* T cells were abundant, and antigen-specific Thl responses
were highly maintained in the lungs of male Nox2” mice. Hence, we concluded that the TB
susceptibility of male Nox2”- mice is not solely due to the inadequacy of Thl responses, which
contributes to TB susceptibility in various mouse modelst31291%0 | astly, we emphasized G-CSF as
the primary inducer of immature neutrophil-mediated TB pathogenesis in male Nox2”- mice, instead
of other cytokines which remain essential for proper defense against Mtb infection. Chao et al.
reported that the blockade of IL-1B or IL-1R can alleviate mycobacterial infection in phagocyte
oxidase-deficient mice3#4. However, our data indicated that both IL-10 and IL-1p are required for
proper defense against Mth. IL-1o and IL-1f act as the upstream controllers of excessive G-CSF
production in Nox2”- mouse model®®%!, but they also play protective roles of in anti-TB immunity,
such as activating myeloid cells in general, beyond just neutrophils*3-3, We suggest that such
protective roles of IL-1 signaling are especially crucial in the early phases of mycobacterial infection.
By demonstrating that initiating IL-1R blockade at either one week or two weeks post-infection time
point exacerbates TB progression in Nox2”- mice, we highlighted the dominance of G-CSF over IL-
1 in neutrophil-mediated TB pathogenesis.

Although Nox2”- mice are prone to autoimmune diseases such as rheumatoid arthritis®8, Mth-
induced lung hyperinflammation in Nox2”- mice was not primarily associated with impaired Thl
responses or autoreactive T cells. We observed that pulmonary neutrophils are the actual cause of

lung hyperminflammation, and the loss of pulmonary B cells is more closely associated with
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neutrophilic inflammation rather than alterations in T cell responses. Our research may offer deeper
insights into TB susceptible animal models that are not associated with altered T cell function. We
explicitly characterized immature lung neutrophils and identified them as the primary drivers of TB
immunopathology in male Nox2”- mice. While various studies have emphasized the importance of
neutrophils in promoting lung inflammation in Nox2”- mice undergoing bacterial, parasitic, or fungal
challengg?6:50123134.135  their properties were not dissected in detail. We uncovered that Nox2"
immature pulmonary neutrophils feature CD11bMLy6G™ and CXCR2'°CD62L' phenotypes,
altered size and granularity, and increased mycobacterial permissiveness. Still, we need
transcriptomic or metabolomic analysis of CD11b™Ly6GMCXCR2'°CD62L'° immature neutrophils
to elucidate the precise mechanisms underlying neutrophilic inflammation and mycobacterial
permissiveness. We proposed novel interventions with therapeutic potentials to enable proper
control of immature neutrophils. The effectiveness of neutrophil depletion in alleviating TB
pathogenesis and Mtb-induced lung hyperinflammation was formerly demonstrated in TB
susceptible Nos2”- and TLR2" mice®®6:137, as well as in WT mice suffering from chronic TB*3. We
firstly provided the therapeutic potential of neutrophil depletion in alleviating TB pathogenesis
specifically in Nox2” mice. We also demonstrated the effectiveness of AM8O0 in alleviating TB
pathogenesis. While Yamada et al. illustrated that ATRA intervention mitigated TB progression by
increasing pulmonary T cell counts or reducing pulmonary myeloid-derived suppressor cells
(MDSCs)**-143. AM80 has not been tested on animal models as a therapeutic agent against TB. We
highlighted the efficacy of AMB80 in controlling TB pathogenesis in a susceptible mouse model,
focusing on its role in reducing inflammatory neutrophils rather than altering T cell or macrophage
responses. We have newly revealed that AMB80 intervention does not alter Mtb-specific T cell
responses in Nox2” mice. Although AM80 may affect the phagocytic capacities of Nox2”

macrophages, we have excluded the effects on macrophages because AMB80 did not alter the
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phagocytosis of Nox2”- BMDMs in our setup studies. Since AMS80 shows enhanced potency
compared to ATRA and is free from the side effects associated with RAR-y activation'*+145, AM80
intervention may offer superior outcomes for establishing host-directed TB therapies in susceptible
models compared to ATRA. Furthermore, our study newly discovered that G-CSF neutralization can
alleviate TB pathogenesis in Nox2”- mice. These attempts may provide insights into controlling TB
progression in susceptible animal models with excessive pulmonary granulocyte influx.

Still, our study requires discussions on the following limitations. AM80 intervention was effective
at mitigating TB pathogenesis in WT mice, while G-CSF neutralization did not clearly alter TB
progression in this mouse model. This is considered to be originated from two different reasons.
Firstly, unlike male Nox2”- mouse model, WT mice do not show excessive and constant G-CSF
production in response to Mtb infection. Therefore, Mtb infected WT mice may have an insufficient
amount of circulating G-CSF which should be depleted through G-CSF neutralization. The second
reason is that G-CSF and AM80 promotes myeloid cell generation via independent signaling
pathways. AMB80 induces neutrophil differentiation and maturation through the activation of RAR,
while G-CSF is not involved in RAR signaling or C/EBP activation, rapidly generating immature
neutrophils'*®, Therefore, we conclude that AM80 featured therapeutic capacity in both mouse
strains, while G-CSF neutralization specifically showed potency in male Nox2”- mouse model.
While anti-Ly6G mAb injection successfully removed pulmonary neutrophils in WT mice, it failed
to fully eliminate the cells in Nox2”" mice. This outcome is thought to stem from the nature of the
intraperitoneal injection of anti-Ly6G mAb (1AS8). Boivin et al. noted that intraperitoneal injection
of anti-GR1 or Ly6G monoclonal antibodies may not fully eliminate neutrophils, as newly
synthesized young neutrophils can replenish the blood or organs even after depletion'*’. Furthermore,
anti-Ly6G mAb mediates slow neutrophil depletion through Fc-dependent opsonization and

phagocytosis of neutrophils by macrophages. Considering that NOX2 deficiency leads to both G-
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CSF mediated constant neutrophil production and macrophage malfunction, we conclude that these
two factors contributed to the incomplete depletion of pulmonary neutrophils in male Nox2”* mice.
A similar explanation can be given for the persistence pro-inflammatory cytokines in the lungs, even
after mAb-mediated cytokine neutralization. This inefficiency is likely due to the nature of
intraperitoneal injections, which effectively target circulating cells or cytokines but may not
completely reach lung-residing targets. Additionally, since Nox2” neutrophils are inflammatory,
they are likely the source of the cytokines that were still detected after intraperitoneal depletion. To
optimally deplete such targets, a combination of intraperitoneal and intratracheal injections is likely
necessary to effectively target and deplete cytokines residing in the lung. The disparity in the effects
of IL-1R blockade on Nox2” mice also warrants discussion. Despite following protocols from Olive
et al.3, initiating 1L-1R blockade from two weeks post-infection exacerbated TB in male Nox2” mice.
We conclude that differences in the infection model system contributed to this discrepancy.
Specifically, our study differed from previous ones in terms of the mycobacterial strain virulence,
initial infectious doses, and the ages of the mice used. IL-1R blockade may suppress neutrophil-
mediated TB pathogenesis in a less severe infection model, but it was ineffective in our system,
which involved a severe infection with a high dose of the highly virulent Mtb K strain.

Despite the abundance of T cell responses, male Nox2”- mice displayed severe TB progression.
Accumulating evidences suggest that disrupted T cell responses during Mtb infection may diminish
protection against the infection. For instance, the deficiency of the T cell inhibitory receptor PD-1
leads to a significant enhancement of T cell responses and an increase in the pulmonary
mycobacterial burden'*®%, Given that neutrophil depletion and G-CSF neutralization decreased the
pulmonary levels of IFN-y and IL-17A in male Nox2” mice, maintaining the balance between
immune activation and suppression might be more crucial for the proper control of TB than the

amount of cytokines produced. To gain a deeper understanding of TB pathogenesis, it is crucial to
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identify immunologic factors that disrupt the proper activation of Thl responses. The absence of
pulmonary B cells in the presence of BAFF, TNF-a, and IL-6, which are B cell activating cytokines,
remains a question to be solved. As pulmonary B cells play crucial roles in suppressing neutrophil-
mediated lung inflammation through direct interaction®%15, their absence may contribute to TB
susceptibility in Nox2” mice. Thus, elucidating the association between the increase in neutrophils
and the decrease in B cells may contribute to a better understanding of anti-TB immunity. We
investigated the impacts of AMB8O0 intervention at four weeks post-infection. However, considering
the broad roles of retinoic acids in modulating macrophage and T cell responses'3*4!, understanding
the significance of non-neutrophil factors affected by AMB80, such as T cell responses, recruited
macrophage functions, and alveolar macrophage functions at early stages of Mtb infection, can

significantly enhance our understanding of the pathogenesis of TB in susceptible animal models.
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5. CONCLUSION

Collectively, our study revealed that phagocyte NADPH oxidase deficiency contributes to
exacerbated TB immunopathogenesis in a sex-dependent manner. This is attributed to the excessive
pulmonary infiltration of immature neutrophils in the presence of sufficient Thl responses.
Therapeutic interventions targeting the generation of G-CSF driven immature pulmonary
neutrophils successfully ameliorated TB immunopathogenesis in male Nox2”- mice. Our study
provides a comprehensive understanding of TB pathogenesis and highlights potential therapeutic

targets for proper TB control in the absence of phagocyte-specific NADPH oxidase.
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Chapter 111

Establishment of anti-TB immunotherapy targeting
immature pulmonary neutrophils by targeting G-CSF

1. INTRODUCTION

Mycobacterium tuberculosis (Mth) is the causative agent of Tuberculosis (TB), which remains a
significant public health concern worldwide. Approximately, one-quarter of the world's population
is estimated to have latent Mtb infection, with 5-10% of these individuals at risk of developing active
TB at some point during their lifetime®. The factors that influence susceptibility to Mtb are still not
completely understood, which hampers the control of this harmful pathogen®-%°. There is extensive
documentation indicating that males are more susceptible to TB than females, and this sexual bias
is observed in various animal models including mice and humans'®, The increased TB
susceptibility in males is likely due to differences in immune cell functions as well as in their
compositions®193, Such host factor-mediated alterations in immune function may directly influence
immune responses to Mtb infection. Considering the importance of immunological balance in
maximizing anti-TB immunity, both excessive immune suppression or activation might be harmful

to the host during TB progressioni®1%, These clues have led to the hypothesis that several host
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factors, such as biological sex and genetic distributions, which modulate inflammatory responses,
may influence TB immunopathogenesis.

The phagocyte NADPH oxidase (NOX2, gp91P"™) is located in the lumen of phagosomes. Its
primary function is to produce reactive oxygen species (ROS), which play a crucial role in protecting
the host against a wide range of pathogens®*. NOX2 also plays a vital role in regulating autophagy
and cytokine/chemokine signaling”®. The NOX2 complex is a multimeric enzyme composed of a
single catalytic transmembrane heterodimer (gp91P"® / p22P"%) and four cytosolic subunits (p40Phox
[ p47Phox [ p67Pox | Rac). Among the six major components of NOX2 complex, gp91Pox acts as the
catalytic core for ROS generation®®. Individuals with impaired NOX2 function may develop chronic
granulomatous disease (CGD), characterized by an increased susceptibility to fungal and bacterial
infections and impaired inflammation control®!2, Since Nox2 is located at Xp21.1 of the X
chromosome, CGD caused by Nox2 deficiency is inherited in an X-linked recessive manner,
primarily affecting young males®. Furthermore, individuals with X-linked CGD have a
heightened vulnerability to mycobacterial infections®. This poses significant challenges for TB
therapy and prevention in X-linked CGD patients as BCG vaccination cannot be implemented due
to the high risks of BCGosis, which is a disseminated mycobacterial infection that can occur
following BCG vaccination®4041,

Although phagocyte NADPH oxidase-originated ROS play a crucial role in clearing intracellular
pathogens, studies have shown that phagocyte NADPH oxidase deficiencies did not significantly
alter mycobacterial growth compared to wild type (WT) animals. According to Cooper et al.,
p47°hox-deficient mice featured increase in lung mycobacterial load from 15 to 30 days post-infection.
However, the increase in mycobacterial load was not sustained after 30 days post-infection®’,
Additionally, Olive et al. reported that male and female gp91°P"-deficient mice did not show an

increase in lung mycobacterial load until 60 days or 20 weeks post-infection!%1%, These researches
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give clues that NOX2 deficiency may modulate immune responses against Mtb, independently of
ROS-mediated bactericidal effects. Recent studies support this idea as Thomas et al. demonstrated
that gp91P"**-deficient mice displayed enhanced inflammation and lung neutrophil infiltration after
Mtb challenge, which were mediated by 1L-134,

Dysregulated inflammatory responses and aberrant granuloma formation are hallmark features of
X-linked CGD. X-linked CGD patients and NOX2-deficient mice exhibit uncontrolled formation of
granulomas, characterized by an excessive influx of phagocytic myeloid cells to the site of
infection®7, NOX2-deficient phagocytes, such as macrophages and neutrophils, are major
producers of pro-inflammatory cytokines*#*°, which can cause tissue damage**°. Given that NOX2
deficiency-induced X-linked CGD can cause TB susceptibility along with lung hyperinflammation,
we hypothesized that Mtb infection would cause uncontrolled inflammation and disruption of
immune tolerance in NOX2-deficient mice. As the maintenance of immune tolerance is critical for
effective anti-TB immunity, we further hypothesized that controlling the specific immunologic
factor which causes Mtb infection-driven hyperinflammation would be crucial for ameliorating TB
pathogenesis.

In this study, we established four experimental groups to investigate how two independent host
factors (NOX2 deficiency and male sex) can modify the immunological responses against Mth
infection. As both male sex and NOX2 deficiency are risk factors for TB susceptibility, we
hypothesized that male Nox2”- mice would exhibit severer TB progression than female Nox2”- mice
and male WT mice. Additionally, we anticipated that specific immune factors would contribute to
TB pathogenesis and hyperinflammation in male Nox2”- mice, which show a clear correlation to
disease progression. Finally, we aimed to discover novel interventions that can effectively regulate

these disease-promoting factors in male Nox2”- mice.
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We found that male Nox2” mice exhibited higher levels of lung inflammation and mycobacterial
burden compared to female Nox2” mice and WT mice following Mtb challenge. Male Nox2” mice
also featured elevated production of pro-inflammatory cytokines in the lungs, along with excessive
infiltration of immature neutrophils and reduction of lymphocytes at infection sites. We also
dissected the properties of aberrant permissive immature neutrophils, which were distinct from
mature neutrophils and constituted the majority of immune cell populations in male Nox2” mice.
By reducing the number of total lung neutrophils or immature neutrophils, we could successfully
mitigate TB pathogenesis in male Nox2”" mice. Finally, we determined that G-CSF, rather than other
cytokines, is the dominant controller of immature neutrophil generation through in vivo
neutralization of each cytokine. Collectively, we identified G-CSF driven permissive neutrophils as
the key immunologic factor that facilitates TB immunopathogenesis and lung hyperinflammation in
male Nox2” mice. Furthermore, we suggested novel therapeutic interventions targeting immature

neutrophils, which might be potential for controlling TB in NOX2-deficient condition.
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2. MATERIALS AND METHODS

2.1. Ethics statements and study approval

All animal experiments followed the regulations set by the Korean Food and Drug Administration.
The Ethics Committee and Institutional Animal Care and Use Committee (2019-0174; C57BL/6N,
Nox2, 2022-0140; C57BL/6N, Nox2") at Yonsei University Health System (Seoul, Korea) granted

approval for each experimental protocol.

2.2. Mice

Six- to seven-week-old female and male C57BL/6N mice were obtained from Japan SLC, Inc.
(Shizuoka, Japan). Six- to seven-week-old female and male Nox2” mice were provided by Dr. Yun
Soo Bae (Ewha Womans University, Seoul, South Korea). The mice were housed in a specific
pathogen-free (SPF) environment with barriered conditions at the Yonsei University Medical

Research Center SPF facility.

2.3. Bacterial culture and infection protocols

Purchase of the Mtb K strain, mycobacterial culture, and aerosol infection processes were executed
according to the referenced studies!'®!'!. The mycobacteria were cultured in 7H9 broth
supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC; Difco Laboratories, MD)
and 2 pg/ml of mycobactin J (Allied Monitor, Fayette, MO) for 4 weeks at 37°C. Following
cultivation, all bacteria were washed three times with 10 mM phosphate-buffered saline (PBS; pH
7.4). Bacterial cell pellets were collected after centrifugation, and small aliquots were stored at -
80°C until use. The Mth K strain used for in vivo challenges was PDIM positive. YFP vectors for

the generation of YFP* Mtb K strain were kindly gifted by Dr. Christopher Sassetti. In order to
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deliver bacteria to the lungs of each mouse, all mice were exposed to at least 200 viable mycobacteria

in an inhalation chamber for 60 minutes.

2.4. In vivo treatments for neutrophil control

From two weeks post-infection, 250 pg/mouse of anti-Ly6G mAb (clone: 1A8, Bio X Cell, West
Lebanon, NH, USA), 200 pg/mouse of anti-IL-1R mAb (clone: JAMA-147, Bio X Cell, West
Lebanon, NH, USA), 200 pg/mouse of anti-IFN-y mAb (clone: H22, Bio X Cell, West Lebanon,
NH, USA), and 250 pg/mouse of anti-IL-17A mAb (clone: 17F3, Bio X Cell, West Lebanon, NH,
USA) mAb were intraperitoneally administered. The antibodies were diluted in PBS and
administered three times a week for a total duration of two weeks. From one-week post-infection,
30 pg/mouse of anti-G-CSF mADb (clone: #67604, R&D Systems, Minneapolis, MN, USA), 200
pug/mouse of anti-IL-1R mAb (clone: JAMA-147, Bio X Cell, West Lebanon, NH, USA), 400
pug/mouse of anti-IL-6 mAb (clone: MP5-20F3, Bio X Cell, West Lebanon, NH, USA), 200
pug/mouse of anti-IL-1o. mAb (clone: ALF-161, Bio X Cell, West Lebanon, NH, USA), and 200
pg/mouse of anti-IL-13 mAb (clone: B122, Bio X Cell, West Lebanon, NH, USA) were
intraperitoneally administered. The antibodies were diluted in PBS and administered three times a
week for a total duration of three weeks. Rat 1gG2a, rat IgG1, Armenian hamster 1gG, and mouse
IgG1 isotype control antibodies were purchased from Bio X Cell (West Lebanon, NH, USA). Isotype
control antibodies were administered to control mice in correspondence with the original antibodies.
From one-week post-infection, 20 pg/mouse of AM80 (Sigma-Aldrich, St. Louis, MO, USA) was
orally administered. AM80 was diluted in PBS and administered three times a week for a total

duration of three weeks.

2.5. Antibodies and flow cytometry
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Flow cytometric analysis of immune cells was conducted using the subsequent antibodies.
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit, Green Dead Cell Stain Kit, and Aqua Dead Cell
Stain Kit were purchased from Molecular Probes (Carlsbad, CA, USA). Brilliant violet (BV) 605-
conjugated mAb against Thyl.2 and CD19; Allophycocyanin (APC)-conjugated mAb against
CD45R (B220); BV 421-conjugated mAb against CD45; APC-R700-conjugated mAb against
Siglec-F; Fluorescein isothiocyanate (FITC)-conjugated mAb against CD95 (FAS); BV 786-
conjugated mAb against CXCR2; and V450- conjugated mAb against Ly6G were purchased from
BD Bioscience (San Jose, CA, USA). Phycoerythrin (PE)-conjugated mAb against CXCR2, CD64,
IFN-y, and GL7; Peridinin chlorophyll (PerCP)-Cy5.5-conjugated mAb against CD11b; APC-Cy7-
conjugated mAb against MHC-II; Alexa fluor 700-conjugated mAb against CD62L; and PE-Dazzle
conjugated mAb against CD11c were purchased from Biolegend (San Diego, CA, USA). Surface

and intracellular staining processes were executed according to the referenced study**2.

2.6. Preparation of single cell suspensions and immune cell analysis

Four weeks post-infection, the mice were euthanized via inhalation of carbon dioxide and then
underwent an autopsy. The mouse lungs were perfused before undergoing flow cytometry analysis.
Using the methods described in previous studies''®'!4, single-cell suspensions were obtained from
the entire lung tissue. These cells were then stained with the mAbs mentioned in the previous section

and subjected to flow cytometry analysis.

2.7. Measurement of cytokines
For the analysis of lung cytokines, lung lysates from the autopsied mice were collected,
homogenized, dissolved into PBS, and then stored in a -80°C freezer. For the analysis of T cell

cytokines, lung single cell suspensions were stimulated with two different Mtb antigens, PPD and

67



ESAT-6 according to the referenced studies!'?'4, To detect cytokines, sandwich enzyme-linked
immunosorbent assay (ELISA) and LEGENDplex kits were utilized. Briefly, mouse G-CSF and IL-
1o ELISA kits were purchased from R&D Systems (Minneapolis, MN, USA). Mouse IFN-y, IL-15,
IL-17A, and IL-5 ELISA kits were purchased from Invitrogen (San Diego, CA, USA). Mouse IL-
10 ELISA kit, LEGENDplex mouse B cell panel (for the detection of TNF-a, IL-4, IL-6, BAFF, and
TGF-B), and LEGENDplex mouse inflammation panel (for the detection of IL-1a, IL-1B) were

purchased from Biolegend (San Diego, CA, USA).

2.8. Quantification of lung inflammation and mycobacterial CFU

The lungs and spleens of Mtb infected mice were harvested four weeks post-infection. The right
superior lobes of the lungs were kept in 10% formalin overnight for preservation and later embedded
in paraffin. To perform histopathologic analysis, the lungs were sectioned at 4-5 pm and stained
with hematoxylin and eosin (H&E). To quantify pulmonary inflammation in each mouse, we
employed Adobe Photoshop (Adobe, San Jose, California) and ImageJ (National Institutes of Health,
USA) programs, following a previously described reference®'®. The complete lung lesion image was
isolated using Adobe Photoshop and saved as a separate file. Another image, identical in size to the
original lung image but filled with black, was also saved as a separate file. These images were then
opened in ImageJ. By using the 'Split Channels' function, the image from the green channel was
processed to calculate the size of the area showing green positivity, which was originally purple-
blue due to H&E staining. The black-colored image was analyzed through the green channel in the
same manner to calculate the size of the entire lung lesion. The 'inflamed area (%) value, which
indicates the proportion of inflamed tissue relative to the entire lung lesion, was computed by
dividing the green positivity values of the first image by the green positivity values of the black-

colored image. Subsequently, the actual size of the inflamed lesion was calculated by determining
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the pixel values in Adobe Photoshop. The pixel value corresponding to a single millimeter was
calculated based on a 2mm scale bar included in each images. The pixel value for the entire lung
lesion was also enumerated, and the value was divided by the square of the pixel value representing
one millimeter to quantify the size (mm?) of each lung lesion. By multiplying the inflamed area (%)
values by the total lung sizes (mm3 for each sample, we were able to precisely enumerate the exact
size of each inflamed area (mm3. To enumerate mycobacterial growth, lung and spleen tissues were
plated onto Middlebrook 7H10 agar (Becton Dickinson, Franklin Lakes, NJ, USA) after
homogenization, following preparation methods from previous studies*®1®. After a four-week

incubation period at 37°C, mycobacterial colonies were counted.

2.9. Neutrophil purification and assessment of mycobacterial permissiveness

MACS magnetic cell sorting kit including anti-Ly6G magnetic beads and LS MACS columns
(Miltenyi Biotec, Bergisch Gladbach, Germany) was used to enrich Ly6G* cells from the lungs of
Mtb-infected mice. The manufacturer's protocols were followed. After separating Ly6G™* lung cells,
the cells were treated with Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and plated onto
Middlebrook 7H10 agar (Becton Dickinson, Franklin Lakes, NJ, USA). After a three-week

incubation period at 37°C, mycobacterial colonies were counted.

2.10. Statistical analyses

The results were presented as the mean + standard deviation (SD). To analyze the significance of
differences between two selected groups, One-way ANOVA and Mann-Whitney U test were
conducted using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA, USA,
www.graphpad.com). The statistical significance was determined using the following definitions:

n.s.: not significant, *p < 0.05, and **p < 0.01. Correlation analysis and unpaired t-test were
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conducted using GraphPad Prism, and the correlation coefficients and p-values were reported for
each graph. Flowjo V10 (Flowjo, Ashland, OR, USA) was employed to perform t-distributed

stochastic neighbor embedding (t-SNE) analysis.
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3. RESULTS

3.1. AM80 administration mitigates TB pathogenesis in male Nox2” mice and reduces
pulmonary immature neutrophils

Among various strategies for the specific control of immature neutrophils, we considered RA
treatment as a promising option. Previous studies have examined that retinoic acid (RA) or retinoic
acid receptor (RAR) agonist administration can effectively promote the generation of fully
differentiated mature neutrophils, which feature segmented nuclei and enhanced bactericidal
capacity>21%, Moreover, Yamada et al. suggested the potential of RAs such as all-trans retinoic acid
(ATRA) as a therapeutic agent against mycobacterial infection'®®!4l, To investigate whether
immature neutrophil-specific intervention can ameliorate TB pathogenesis in male Nox2”- mouse,
we utilized tamibarotene (AM80), a synthetic retinoid and a RAR agonist demonstrating 10 times
greater potency than ATRA. AMB80 induces the expression of key molecules, such as C/EBP, CD11b,
and CXCR2 through the activation of RARo and RARBYS, triggering a cascade of cellular pathways
that generate fully functional mature neutrophils'®15%, Starting from one-week post-infection, we
orally administered 40 pg of AMS80 per mouse, with a total of nine injections given over three weeks.
At four weeks post-infection, the mice were autopsied (Figure 1A). AMB80 administration
significantly reduced mycobacterial load in the lungs and spleens (Figure 1B) and alleviated lung
inflammation (Figure 1C) in male Nox2”- mice. However, despite a reduction in pulmonary
bacterial load, its effects were not prominent in reducing lung inflammation of male WT mice.
AMB80 administration downregulated pulmonary expression of IFN-y, IL-1 B, IL-17A, and G-CSF
in male Nox2” mice. It did not substantially alter the expression of pro-inflammatory cytokines in
male WT mice, although the expression of TNF-a was significantly reduced (Figure 1D). AM80

intervention did not alter the expression of IL-10, IL-4, IL-5, and TGF-B in both WT and Nox2™"
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mice (Figure 1E). Total lung neutrophil counts (Figure 1F) and CXCR2'°CD62L" immature lung
neutrophil counts (Figure 1G) were significantly decreased, and the portion of mature neutrophils
among total lung neutrophils were increased in AM80-treated WT and Nox2”- mice. While AM80
treatment effectively modified the accumulation of immature lung neutrophils, it did not exhibit
significant effects in promoting Mth-specific T cell responses in WT and Nox2” mice (Figure 2).
This suggests that the therapeutic potential of AMS80 intervention in male Nox2”- mice is largely
contingent on the conversion of neutrophil maturity. To summarize, we specified immature lung
neutrophils as the key subpopulation responsible for accelerating TB pathogenesis in male Nox2*

mice.
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Figure 1. AM80 administration mitigated TB pathogenesis in male Nox2”~ mice by reducing
immature neutrophils. (A) Experimental design for in vivo administration of AMS80 in Mtb infected
mice. Six-week old male WT and Nox2”" mice (n =5 per group) were aerosol infected with Mtb K
strain. Starting from one week post-infection, 20 pg of AM80 was orally administered to each mouse
three times a week (indicated by blue bars). At four weeks post-infection, all mice were autopsied,
and immunological analysis, bacterial counting, and histopathological analysis were conducted
(indicated by red arrow). Initial CFU = 320. (B) Mycobacterial CFUs in the lungs and spleens of
each group at four weeks post-infection were analyzed by calculating the number of colonies and
presented in bar graphs. (C) H&E staining was performed on the superior lobes of the right lung at
four weeks post-infection to visualize the gross lung pathology. The inflamed area of the H&E-
stained samples was quantified in terms of percentage and square millimeters and presented in bar
graphs. (D) IFN-y, IL-10, IL-1pB, IL-17A, IL-6, TNF-0, G-CSF, and BAFF levels in Mtb-infected
mouse lung lysates were measured by ELISA and LEGENDplex. (E) IL-10, IL-4, IL-5, and TGF-§
levels in Mtb-infected mouse lung lysates were measured by ELISA and LEGENDplex. The
cytokine levels are presented in bar graphs. Pulmonary (F) CDI11b"Ly6G* neutrophil, (G)
CD11b*Ly6G'CXCR2°CD62L"° immature neutrophil, and CD11b"Ly6G*CXCR2MCD62L" mature
neutrophil populations of Mtb-infected mice at four weeks post-infection. The percentages of each
immune cell among lung CD45" cells or total neutrophils, and total cell counts are presented in bar
graphs, along with flow cytometry plots. The experiment was conducted twice. The data are
presented as the mean + SD of five mice in each group. The significance of differences was
determined, using the One-way ANOVA and Mann-Whitney U test. n.s., not significant. *p < 0.05.

*xp < 0.01.
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Figure 2. AMS80 treatment did not significantly alter T cells responses against mycobacterial
antigens. Live lung cell suspensions were cultured with or without mycobacterial antigens ESAT -
6 and PPD for 8 hours. (A) Lung IFN-y levels and (B) Lung IL-17A levels after mycobacterial
antigen stimulus are presented in bar graphs. (C) IFN-y positive CD90.2* CD4* CD44" CD62L"
effecter T cell populations are presented in bar graphs and flow cytometry plots. The data are
presented as the mean £ SD of five mice in each group. The significance of differences was
determined, using the One-way ANOVA test and Mann-Whitney test. n.s., not significant. *p <0.05.

**p <0.01.
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3.2. G-CSF predominantly regulates the generation of permissive immature pulmonary
neutrophils in Mtb infected male Nox2”- mice

To conclude the study, we aimed to identify specific immunologic factors responsible for the
generation of CXCR2'°CD62L"° permissive immature pulmonary neutrophils. Considering that pro-
inflammatory cytokines upregulated in the lungs of Mth-infected male Nox2”- mice, such as IL-1,
IL-6, and G-CSF accelerate the production of immature neutrophils through emergency
granulopoiesis®s-1%, we hypothesized that uncontrolled production of pro-inflammatory cytokines
may trigger an explosive generation of immature neutrophils. To identify the causative cytokines,
we administered mAbs to neutralize each cytokine in Nox2” mice. We confirmed that IFN-y and
IL-17A, key cytokines in anti-TB immunity for both innate and adaptive immune responses, are not
associated with the generation of immature neutrophils. In vivo neutralization of IFN-y or IL-17A
increased mycobacterial burden, lung inflammation, pro-inflammatory cytokine levels, and
pulmonary influx of immature neutrophils in female Nox2”- mice (Figure 3). Furthermore, in vivo
neutralization of IL-6, IL-1a, and IL-1B also aggravated immature neutrophil-mediated TB
pathogenesis and lung hyperinflammation in Nox2”- mice, although IL-1 is reported to be crucial for
mediating neutrophilic inflammation in NOX2-deficient conditions®4+5°5! (Figure 4). Blockade of
IL-1 receptor (IL-1R), which inhibits the function of both IL-1a, and IL-1B, exacerbated TB
progression in Nox2”- mice as well. We implemented two different in vivo blockade models: a three-
week IL-1R blockade on female Nox2” mice and a two-week IL-1R blockade on male Nox2” mice,
following the protocols from Olive et al.®. Both blockade models resulted in exacerbated TB
progression, as evidenced by increased pulmonary bacterial load, lung inflammation, and neutrophil
counts in both female and male Nox2” mice (Figure 5). In contrast, in vivo neutralization of G-CSF,
the main controller of granulopoiesis, remarkably ameliorated immature neutrophil-mediated TB

pathogenesis in male Nox2”- mice. Starting from one-week post-infection, G-CSF specific mAb was
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intraperitoneally administered, with a total of nine injections over a three-week period. At four
weeks post-infection, the mice were autopsied (Figure 6A). While G-CSF neutralization did not
alleviate TB progression in WT mice, it significantly reduced mycobacterial load in the lungs and
spleens (Figure 6B) and mitigated lung inflammation (Figure 6C) of male Nox2" mice. G-CSF
neutralization also downregulated IFN-y, IL-1a, IL-1p, IL-17A, IL-6, TNF-a, G-CSF, and BAFF
levels specifically in the lungs of male Nox2” mice (Figure 6D), while 1L-10. IL-4, IL-5, and TGF-
B (Figure 6E) levels did not change. G-CSF neutralization decreased total lung neutrophil counts
(Figure 6F) and CXCR2'°CD62L'"° immature lung neutrophil counts (Figure 6G) in male WT and
Nox27- mice. The reduction of immature lung neutrophils was particularly pronounced and
dramatically reflected in G-CSF neutralized male Nox2” mice. This underscores that the excessive
G-CSF-mediated accumulation of pathogenic immature neutrophils is a specific event observed in
TB susceptible male Nox2” mice Ultimately, we concluded that upregulated G-CSF is the
immunologic trigger for the generation of permissive immature pulmonary neutrophils, which

facilitates TB immunopathogenesis and lung hyperinflammation in male Nox2” mice (Figure 7).
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Figure 3. Neutralization of IFN-y and IL-17A exacerbated TB pathogenesis of female Nox2”
mice. (A) Experimental design for in vivo neutralization of IFN-y and IL-17A in Mtb infected mice.
six-week old female Nox2”" mice (n =5 per group) were aerosol infected with Mtb K strain. Starting
from two weeks post-infection, 200 pg of anti-IFN-y mAb or 250 pg of anti-IL-17A mAb was
intraperitoneally administered to each mouse three times a week (indicated by blue bars). At four
weeks post-infection, all mice were autopsied, and immunological analysis, bacterial counting, and
histopathological analysis were conducted (indicated by red arrow). Initial CFU = 225. (B)
Mycobacterial CFUs in the lungs and spleens of each group at four weeks post-infection were
analyzed by calculating the number of colonies and presented in bar graphs. (C) H&E staining was
performed on the superior lobes of the right lung at four weeks post-infection to visualize the gross
lung pathology. The inflamed area of the H&E-stained samples was quantified in terms of percentage
and square millimeters and presented in bar graphs. (D) IFN-y, IL-1a, IL-1pB, IL-17A, IL-6, TNF-a,
G-CSF, and BAFF levels in Mtb-infected mouse lung lysates were measured by ELISA and
LEGENDplex (E) IL-10, IL-4, IL-5, and TGF-§ levels in Mtb-infected mouse lung lysates were
measured by ELISA and LEGENDplex The cytokine levels are presented in bar graphs. Pulmonary
(F) CD11b'Ly6G™ neutrophil, (G) CD11b'Ly6G*CXCR2°CD62L" immature neutrophil, and
CD11b*Ly6G*CXCR2MCD62L" mature neutrophil populations of Mtb-infected mice at four weeks
post-infection. The percentages of each immune cell among lung CD45™ cells and total cell counts
are presented in bar graphs, along with flow cytometry plots. The experiment was conducted once.
The data are presented as the mean + SD of five mice in each group. The significance of differences

was determined, using the One-way ANOVA test. n.s., not significant. *p < 0.05. **p <0.01.
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Figure 4. Neutralization of IL-6, IL-1a, and IL-1p exacerbated TB pathogenesis of male Nox2-
 mice. (A) Experimental design for in vivo neutralization of IL-6, IL-1a, and IL-1f in Mtb infected
mice. six-week old male Nox2” mice (n = 5 per group) were aerosol infected with Mtb K strain.
Starting from one week post-infection, 400 pg of anti-IL-6 mAb or 200 pg of anti-IL-1a. mAb or
200 pg of anti-IL-1f mAb was intraperitoneally administered to each mouse three times a week
(indicated by blue bars). At four weeks post-infection, all mice were autopsied, and immunological
analysis, bacterial counting, and histopathological analysis were conducted (indicated by red arrow).
Initial CFU = 330. (B) Mycobacterial CFUs in the lungs and spleens of each group at four weeks
post-infection were analyzed by calculating the number of colonies and presented in bar graphs. (C)
H&E staining was performed on the superior lobes of the right lung at four weeks post-infection to
visualize the gross lung pathology. The inflamed area of the H&E-stained samples was quantified in
terms of percentage and square millimeters and presented in bar graphs. (D) IFN-y, IL-1a, IL-1p,
IL-17A, IL-6, TNF-a, G-CSF, and BAFF levels in Mtb-infected mouse lung lysates were measured
by ELISA and LEGENDplex (E) IL-10, IL-4, IL-5, and TGF-p levels in Mtb-infected mouse lung
lysates were measured by ELISA and LEGENDplex The cytokine levels are presented in bar graphs.
Pulmonary (F) CD11b*Ly6G™ neutrophil, (G) CD11b*Ly6G*CXCR2"°CD62L" immature neutrophil,
and CD11b*Ly6G*CXCR2MCD62L" mature neutrophil populations of Mtb-infected mice at four
weeks post-infection. The percentages of each immune cell among lung CD45" cells and total cell
counts are presented in bar graphs, along with flow cytometry plots. The experiment was conducted
once. The data are presented as the mean = SD of five mice in each group. The significance of
differences was determined, using the One-way ANOVA test. n.s., not significant. *p < 0.05. **p <

0.01.
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Figure 5. Blockade of IL-1R exacerbated TB pathogenesis of Nox2”~ mice. (A) Experimental
design for in vivo blockade of IL-1R in Mtb infected female Nox2” mice. six-week old female Nox2-
~ mice (n = 5 per group) were aerosol infected with Mtb K strain. Starting from one week post-
infection, 200 pg of anti-IL-1R mAb was intraperitoneally administered to each mouse three times
a week (indicated by blue bars). At four weeks post-infection, all mice were autopsied, and bacterial
counting and histopathological analysis were conducted (indicated by red arrow). Initial CFU = 300.
(B) Mycobacterial CFUs in the lungs and spleens of each group at four weeks post-infection were
analyzed by calculating the number of colonies and presented in bar graphs. (C) H&E staining was
performed on the superior lobes of the right lung at four weeks post-infection to visualize the gross
lung pathology. The inflamed area of the H&E-stained samples was quantified in terms of percentage
and square millimeters and presented in bar graphs. (D) Pulmonary CDI11b*Ly6G" neutrophil
populations of Mtb-infected mice at four weeks post-infection. The percentages of neutrophils
among lung CD45" cells and total cell counts are presented in bar graphs, along with flow cytometry
plots. (E) Experimental design for in vivo blockade of IL-1R in Mtb infected male Nox2” mice. six-
week old male Nox2” mice (n =5 per group) were aerosol infected with Mtb K strain. Starting from
two weeks post-infection, 200 pg of anti-IL-1R mAb was intraperitoneally administered to each
mouse three times a week (indicated by blue bars). At four weeks post-infection, all mice were
autopsied, and bacterial counting and histopathological analysis were conducted (indicated by red
arrow). Initial CFU = 342. (F) Mycobacterial CFUs in the lungs and spleens of each group at four
weeks post-infection were analyzed by calculating the number of colonies and presented in bar
graphs. (G) H&E staining was performed on the superior lobes of the right lung at four weeks post-
infection to visualize the gross lung pathology. The inflamed area of the H&E-stained samples was
quantified in terms of percentage and square millimeters and presented in bar graphs. (H) Pulmonary

CD11b*Ly6G* neutrophil populations of Mtb-infected mice at four weeks post-infection. The
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percentages of neutrophils among lung CD45" cells and total cell counts are presented in bar graphs,
along with flow cytometry plots. The experiments were conducted once. The data are presented as
the mean + SD of five mice in each group. The significance of differences was determined, using

the Mann-Whitney test. n.s., not significant. *p < 0.05. **p <0.01.
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Figure 6. G-CSF neutralization ameliorated TB pathogenesis of male Nox2” mice by
suppressing generation of immature pulmonary neutrophils. (A) Experimental design for in vivo
neutralization of G-CSF in Mtb infected mice. Six-week old male WT and Nox2”" mice (n = 6 per
group) were aerosol infected with Mtb K strain. Starting from one week post-infection, 30 pg of
anti-G-CSF mAb was intraperitoneally administered to each mouse three times a week (indicated
by blue bars). At four weeks post-infection, all mice were autopsied, and immunological analysis,
bacterial counting, and histopathological analysis were conducted (indicated by red arrow). Initial
CFU = 225. (B) Mycobacterial CFUs in the lungs and spleens of each group at four weeks post-
infection were analyzed by calculating the number of colonies and presented in bar graphs. (C) H&E
staining was performed on the superior lobes of the right lung at four weeks post-infection to
visualize the gross lung pathology. The inflamed area of the H&E-stained samples was quantified in
terms of percentage and square millimeters and presented in bar graphs. (D) IFN-y, IL-1a, IL-1p,
IL-17A, IL-6, TNF-a, G-CSF, and BAFF levels in Mtb-infected mouse lung lysates were measured
by ELISA and LEGENDplex. (E) IL-10, IL-4, IL-5, and TGF-p levels in Mtb-infected mouse lung
lysates were measured by ELISA and LEGENDplex. The cytokine levels are presented in bar graphs.
Pulmonary (F) CD11b*Ly6G™ neutrophil, (G) CD11b*Ly6G*CXCR2"°CD62L" immature neutrophil,
and CD11b*Ly6G*CXCR2MCD62L" mature neutrophil populations of Mtb-infected mice at four
weeks post-infection. The percentages of each immune cell among lung CD45" cells or total
neutrophils, and total cell counts are presented in bar graphs, along with flow cytometry plots. The
experiment was conducted three times. The data are presented as the mean + SD of six mice in each
group. The significance of differences was determined, using the One-way ANOVA test. n.s., not

significant. *p < 0.05. **p <0.01.
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Figure 7. The vresults of the study are summarized in a visual abstract.
CD11b™Ly6G"CXCR2'°CD62L" permissive immature pulmonary neutrophils are responsible for
lung hyperinflammation and increased mycobacterial load in male Nox2” mice. Among the
upregulated pro-inflammatory cytokines, G-CSF, rather than IL-1, plays a dominant role in
generating immature neutrophils. The control of immature neutrophils through neutrophil depletion,
AMBO intervention, and G-CSF neutralization has shown promising results in ameliorating TB
immunopathogenesis in male Nox2” mice. Copyright of this image belongs to Plos Pathogens

journal.
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Figure 8. Quantification method of lung inflammation is briefly described. (A) As outlined in
the Materials and Methods section, the inflamed area of the H&E-stained lung samples were
quantified in terms of percentage and square millimetres. The values were calculated using Adobe
Photoshop and ImagelJ programs. New image files were created to determine the percentage of the
inflamed (purple-stained) lesions, and the actual size of both total lung lesions and inflamed lesions

was quantified in mm?.
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4. DISCUSSION

Our study aimed to identify disease-promoting factors that are responsible for triggering Mth-
induced immunopathogenesis in the absence of phagocyte oxidase. We found that pulmonary
infiltration of aberrant immature neutrophils is strongly associated with increased mycobacterial
burden, lung hyperinflammation, and the loss of pulmonary lymphocytes in male Nox2”- mice. We
were able to remarkably alleviate TB progression in male Nox2”- mice by reducing immature
neutrophil counts. Overall, we identified G-CSF, rather than other host factors, as the initiator of
immature pulmonary neutrophil-mediated TB immunopathogenesis in male Nox2” mice.

Progressed from previous studies on the roles of phagocyte oxidases in TB pathogenesis, our study
proposed novel advocative findings. First, we have demonstrated that both sex difference and NOX2
deficiency can affect TB susceptibility in mice. In previous studies, gp91P"°*-deficient mice did not
feature a significant increase in mycobacterial load when compared to WT mice343198.109 Similarly,
Duox1 or p47Phox-deficient mice did not show an increase in lung mycobacterial load around four
weeks post-infection®”1%6, Moreover, Olive et al. indicated that there was no variation in TB
susceptibility between male and female gp91Pho*-deficient mice®*3, However, we displayed that male
Nox2"- mice exhibited a significantly higher lung mycobacterial load compared to WT mice and
female Nox2” mice. This could be attributed to the use of the Mtb K strain, recognized for its
heightened virulence in comparison to the H37Rv and H37Ra strains'?”'?8, Additionally, as we
focused in vivo analysis at the four weeks post-infection period, when TB severity in Nox2”~ mice is
optimized, we were able to evaluate the exacerbated TB susceptibility of male Nox2” mice. This
observation of time-point-dependent alterations in TB progression in Nox2” mice is particularly
significant, as the pulmonary influx of neutrophils occurs before the explosive increase in

mycobacterial CFUs. Such findings highlight the crucial role of constant pulmonary neutrophil
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influx, serving as a source of uncontrolled inflammation and a superior niche for Mth, consequently
driving TB pathogenesis. Our results newly indicate that biological sex is one of the crucial factors
that accelerate TB pathogenesis in mice lacking phagocyte NADPH oxidase, which is inherited in
an X-linked manner. Additionally, to the best of our knowledge, our study is the first to investigate
the populations and functions of pulmonary lymphocytes in Nox2” mice during Mtb infection. We
revealed that IFN-y-producing CD4* T cells were abundant, and antigen-specific Thl responses
were highly maintained in the lungs of male Nox2” mice. Hence, we concluded that the TB
susceptibility of male Nox2”- mice is not solely due to the inadequacy of Thl responses, which
contributes to TB susceptibility in various mouse modelst31291%0 | astly, we emphasized G-CSF as
the primary inducer of immature neutrophil-mediated TB pathogenesis in male Nox2”- mice, instead
of other cytokines which remain essential for proper defense against Mtb infection. Chao et al.
reported that the blockade of IL-1B or IL-1R can alleviate mycobacterial infection in phagocyte
oxidase-deficient mice3#4. However, our data indicated that both IL-10 and IL-1p are required for
proper defense against Mth. IL-1o and IL-1f act as the upstream controllers of excessive G-CSF
production in Nox2”- mouse model®®%!, but they also play protective roles of in anti-TB immunity,
such as activating myeloid cells in general, beyond just neutrophils*3-3, We suggest that such
protective roles of IL-1 signaling are especially crucial in the early phases of mycobacterial infection.
By demonstrating that initiating IL-1R blockade at either one week or two weeks post-infection time
point exacerbates TB progression in Nox2”- mice, we highlighted the dominance of G-CSF over IL-
1 in neutrophil-mediated TB pathogenesis.

Although Nox2” mice are prone to autoimmune diseases such as rheumatoid arthritis®*2%, Mtb-
induced lung hyperinflammation in Nox2”- mice was not primarily associated with impaired Thl
responses or autoreactive T cells. We observed that pulmonary neutrophils are the actual cause of

lung hyperminflammation, and the loss of pulmonary B cells is more closely associated with
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neutrophilic inflammation rather than alterations in T cell responses. Our research may offer deeper
insights into TB susceptible animal models that are not associated with altered T cell function. We
explicitly characterized immature lung neutrophils and identified them as the primary drivers of TB
immunopathology in male Nox2”- mice. While various studies have emphasized the importance of
neutrophils in promoting lung inflammation in Nox2”- mice undergoing bacterial, parasitic, or fungal
challengg?6:50123134.135  their properties were not dissected in detail. We uncovered that Nox2"
immature pulmonary neutrophils feature CD11bMLy6G™ and CXCR2'°CD62L' phenotypes,
altered size and granularity, and increased mycobacterial permissiveness. Still, we need
transcriptomic or metabolomic analysis of CD11b™Ly6GMCXCR2'°CD62L'° immature neutrophils
to elucidate the precise mechanisms underlying neutrophilic inflammation and mycobacterial
permissiveness. We proposed novel interventions with therapeutic potentials to enable proper
control of immature neutrophils. The effectiveness of neutrophil depletion in alleviating TB
pathogenesis and Mtb-induced lung hyperinflammation was formerly demonstrated in TB
susceptible Nos2”- and TLR2" mice®®6:137, as well as in WT mice suffering from chronic TB*3. We
firstly provided the therapeutic potential of neutrophil depletion in alleviating TB pathogenesis
specifically in Nox2” mice. We also demonstrated the effectiveness of AM8O0 in alleviating TB
pathogenesis. While Yamada et al. illustrated that ATRA intervention mitigated TB progression by
increasing pulmonary T cell counts or reducing pulmonary myeloid-derived suppressor cells
(MDSCs)**-143. AM80 has not been tested on animal models as a therapeutic agent against TB. We
highlighted the efficacy of AMB80 in controlling TB pathogenesis in a susceptible mouse model,
focusing on its role in reducing inflammatory neutrophils rather than altering T cell or macrophage
responses. We have newly revealed that AMB80 intervention does not alter Mtb-specific T cell
responses in Nox2” mice. Although AM80 may affect the phagocytic capacities of Nox2”

macrophages, we have excluded the effects on macrophages because AMB80 did not alter the

94



phagocytosis of Nox2”- BMDMs in our setup studies. Since AMS80 shows enhanced potency
compared to ATRA and is free from the side effects associated with RAR-y activation'*+145, AM80
intervention may offer superior outcomes for establishing host-directed TB therapies in susceptible
models compared to ATRA. Furthermore, our study newly discovered that G-CSF neutralization can
alleviate TB pathogenesis in Nox2”- mice. These attempts may provide insights into controlling TB
progression in susceptible animal models with excessive pulmonary granulocyte influx.

Still, our study requires discussions on the following limitations. AM80 intervention was effective
at mitigating TB pathogenesis in WT mice, while G-CSF neutralization did not clearly alter TB
progression in this mouse model. This is considered to be originated from two different reasons.
Firstly, unlike male Nox2”- mouse model, WT mice do not show excessive and constant G-CSF
production in response to Mtb infection. Therefore, Mtb infected WT mice may have an insufficient
amount of circulating G-CSF which should be depleted through G-CSF neutralization. The second
reason is that G-CSF and AM80 promotes myeloid cell generation via independent signaling
pathways. AMB80 induces neutrophil differentiation and maturation through the activation of RAR,
while G-CSF is not involved in RAR signaling or C/EBP activation, rapidly generating immature
neutrophils'*®, Therefore, we conclude that AM80 featured therapeutic capacity in both mouse
strains, while G-CSF neutralization specifically showed potency in male Nox2”- mouse model.
While anti-Ly6G mAb injection successfully removed pulmonary neutrophils in WT mice, it failed
to fully eliminate the cells in Nox2”" mice. This outcome is thought to stem from the nature of the
intraperitoneal injection of anti-Ly6G mAb (1AS8). Boivin et al. noted that intraperitoneal injection
of anti-GR1 or Ly6G monoclonal antibodies may not fully eliminate neutrophils, as newly
synthesized young neutrophils can replenish the blood or organs even after depletion'*’. Furthermore,
anti-Ly6G mAb mediates slow neutrophil depletion through Fc-dependent opsonization and

phagocytosis of neutrophils by macrophages. Considering that NOX2 deficiency leads to both G-
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CSF mediated constant neutrophil production and macrophage malfunction, we conclude that these
two factors contributed to the incomplete depletion of pulmonary neutrophils in male Nox2”* mice.
A similar explanation can be given for the persistence pro-inflammatory cytokines in the lungs, even
after mAb-mediated cytokine neutralization. This inefficiency is likely due to the nature of
intraperitoneal injections, which effectively target circulating cells or cytokines but may not
completely reach lung-residing targets. Additionally, since Nox2” neutrophils are inflammatory,
they are likely the source of the cytokines that were still detected after intraperitoneal depletion. To
optimally deplete such targets, a combination of intraperitoneal and intratracheal injections is likely
necessary to effectively target and deplete cytokines residing in the lung. The disparity in the effects
of IL-1R blockade on Nox2” mice also warrants discussion. Despite following protocols from Olive
et al.3, initiating 1L-1R blockade from two weeks post-infection exacerbated TB in male Nox2” mice.
We conclude that differences in the infection model system contributed to this discrepancy.
Specifically, our study differed from previous ones in terms of the mycobacterial strain virulence,
initial infectious doses, and the ages of the mice used. IL-1R blockade may suppress neutrophil-
mediated TB pathogenesis in a less severe infection model, but it was ineffective in our system,
which involved a severe infection with a high dose of the highly virulent Mtb K strain.

Despite the abundance of T cell responses, male Nox2”- mice displayed severe TB progression.
Accumulating evidences suggest that disrupted T cell responses during Mtb infection may diminish
protection against the infection. For instance, the deficiency of the T cell inhibitory receptor PD-1
leads to a significant enhancement of T cell responses and an increase in the pulmonary
mycobacterial burden'*®%, Given that neutrophil depletion and G-CSF neutralization decreased the
pulmonary levels of IFN-y and IL-17A in male Nox2” mice, maintaining the balance between
immune activation and suppression might be more crucial for the proper control of TB than the

amount of cytokines produced. To gain a deeper understanding of TB pathogenesis, it is crucial to
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identify immunologic factors that disrupt the proper activation of Thl responses. The absence of
pulmonary B cells in the presence of BAFF, TNF-a, and IL-6, which are B cell activating cytokines,
remains a question to be solved. As pulmonary B cells play crucial roles in suppressing neutrophil-
mediated lung inflammation through direct interaction®%15, their absence may contribute to TB
susceptibility in Nox2” mice. Thus, elucidating the association between the increase in neutrophils
and the decrease in B cells may contribute to a better understanding of anti-TB immunity. We
investigated the impacts of AMB8O0 intervention at four weeks post-infection. However, considering
the broad roles of retinoic acids in modulating macrophage and T cell responses'3*4!, understanding
the significance of non-neutrophil factors affected by AMB80, such as T cell responses, recruited
macrophage functions, and alveolar macrophage functions at early stages of Mtb infection, can

significantly enhance our understanding of the pathogenesis of TB in susceptible animal models.
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5. CONCLUSION

Collectively, our study revealed that phagocyte NADPH oxidase deficiency contributes to
exacerbated TB immunopathogenesis in a sex-dependent manner. This is attributed to the excessive
pulmonary infiltration of immature neutrophils in the presence of sufficient Thl responses.
Therapeutic interventions targeting the generation of G-CSF driven immature pulmonary
neutrophils successfully ameliorated TB immunopathogenesis in male Nox2” mice. Our study
provides a comprehensive understanding of TB pathogenesis and highlights potential therapeutic

targets for proper TB control in the absence of phagocyte-specific NADPH oxidase.
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Chapter IV

Cholesterol 25-hydroxylase suppresses the optimal
activation of dendritic cell-CD4" T cell axis and disrupts
the induction of durable anti-tuberculosis immunity in
BCG-vaccinated mice

1. INTRODUCTION

Tuberculosis (TB) is a detrimental pulmonary infectious disease caused by Mycobacterium
tuberculosis (Mtb). TB remains a significant public health concern worldwide, causing
approximately 1.5 million casualties every year. It is estimated that 25% of the world's population
has latent Mtb infection, with approximately five to ten percent of those individuals at risk of
developing active TB at some point during their lifetime®:159, While prevention and therapy against
Mtb infection rely heavily on Bacillus Calmette—Guérin (BCG) vaccination and antibiotic treatment,
respectively, the understanding of optimal protective immune responses against TB has not been
fully elucidated. As the precise roles and contributions of various host factors on anti-TB immunity
is a core factor for development of effective vaccines, deeper and more comprehensive studies aimed
at identifying anti-TB immunity and host factors are necessary to clearly understand the underlying
mechanisms of TB pathogenesis and to establish novel and effective protection or prevention
strategies for TB.

Cholesterol is a lipid molecule that plays a variety of vital functions in both humans and animals.

Cholesterol physiologically and chemically controls the plasma membrane of cells and acts as a

99



precursor for crucial compounds such as steroid hormones, bile acids, and neurosteroids!®162,
Various cholesterol derivatives play crucial roles in mediating immune responses such as
inflammation, immune cell differentiation, and immune cell migration'®2163, Oxidized derivatives
of cholesterol, known as oxysterols, are also crucial in regulating immune reactions such as
apoptosis, autophagy, and inflammation6465,

Among various oxysterols, 25-hydroxycholesterol (25-HC) is widely known due to its
multifunctional aspects in the immune system?¢1%7 The production of 25-HC is mediated by
cholesterol 25-hydroxylase (CH25H), an oxidative enzyme predominantly located in the
endoplasmic reticulum (ER) of innate cells and is expressed in response to pathogen-related
signalst®®170, This enzyme was firstly identified in the 1970s while characterizing various enzymes
involved in cholesterol metabolism*™*172, While 25-HC was traditionally believed to be involved
solely in cholesterol homeostasis, since the 2000s, it has been recognized for its critical roles in
antiviral immunity'374. They showed that CH25H-mediated production of 25-HC plays pivotal
roles in blocking the membrane fusion of viruses onto the cell membranes of the host. Moreover,
researchers revealed that 25-HC can suppress DNA replication in virus-infected cells. Such antiviral
activities of 25-HC have been widely reported in various viral infection models, including HIV,
Ebola virus, and SARS-CoV-21751"7, Researches further demonstrated that the expression of CH25H
is highly dependent on type | interferon (type | IFN) signaling and the JAK/STAT1 pathway, which
are essential factors for initiating antiviral immune responsesi’®8l, Interestingly, other
inflammatory signals, such as IFN-y, can also upregulate the expression of CH25H in innate cells,
suggesting that CH25H may act as an immune suppressive factor!80.182.183,

However, over the past decade, researches on CH25H have reached a critical turning point as
studies have revealed that CH25H and 25-HC can influence immune responses against bacterial

infections. While CH25H primarily serves protective roles in antiviral immunity, recent studies
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suggest that it may exacerbate the pathogenesis of bacterial infections. For instance, CH25H
expression in macrophages is triggered by Listeria monocytogenes infection in a type | IFN-
dependent manner, which promotes the survival of this intracellular pathogen?®. In a murine model
of Streptococcus pneumoniae infection, an extracellular bacteria, CH25H-deficient mice displayed
enhanced phagocytosis and bacterial clearance, resulting in reduced lung damage compared to wild-
type (WT) mice®,

Subsequent researches have further revealed that CH25H acts as a crucial immune modulator in
inflammatory responses. Studies have shown that CH25H restricts the proper activation of
inflammatory responses in bacterial infection models. According to Reboldi et al., CH25H regulated
IL-1 and inflammasome-mediated inflammation in the model of septic shock, experimental
autoimmune encephalomyelitis (EAE), and Listeria monocytogenes infection, acting downstream of
type | IFN signaling®. Dang et al. reported that lipopolysaccharide (LPS) stimulation or Listeria
monocytogenes infection induces the expression of CH25H, which in turn suppresses sterol
regulatory element-binding protein 2 (SREBP2) and reduces inflammasome activation in
macrophages'®’. These reports suggest that CH25H may function as an immune regulatory enzyme,
expressed in response to pathogen-mediated inflammatory signals like type | IFN, and could
potentially hinder the induction of appropriate innate immune responses against intracellular
bacteria.

However, additional researches have uncovered controversial roles of CH25H, leading to various
outcomes across different tissues and disease models. For instance, Xiao et al. reported that CH25H
primarily suppresses the expression of inflammatory cytokines, such as IL-1B in macrophages,
leading to immune reprogramming and the development of immunosuppressive macrophages*@®. In
a mouse model of autoreactive skin inflammation, CH25H also played regulatory roles in

suppressing T cell-mediated inflammation®. In contrast, Fesseler et al. suggested that exogenous
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25-HC can accelerate pathogenesis and induce inflammation in a mouse model of SARS-CoV-2
infection'®. Furthermore, various reports in neural disease models have demonstrated that CH25H
and 25-HC promote inflammatory responses. Exogenous 25-HC can activate the NLRP3
inflammasome in a model of X-linked adrenoleukodystrophy*®* and amplify IL-1B production in
microglial cells*®2. Additionally, CH25H and 25-HC accelerates neuroinflammation in a mouse
model of tauopathy by activating pro-inflammatory signaling pathways*®. Thus, since CH25H plays
controversial roles across different tissues and disease models, understanding its function in a cell-
type or tissue-specific manner is crucial for accurately dissecting its role in immune modulation.
Recent studies on the roles of CH25H and 25-HC in mycobacterial infections also emphasize their
roles in disease progression. CH25H and 25-HC were upregulated in Mtb-infected macrophages and
mouse lungs*®*1%, Zhou et al. recently discovered that pulmonary Mycobacterium marinum
infection in mice upregulates CH25H, leading to the formation of pathogenic foam cells and the
progression of lung pathology*®. Furthermore, clinical reports provide clues about the impacts of
CH25H and 25-HC in the progression of pulmonary infections including TB. 25-HC was increased
in bronchoalveolar lavage fluid from asthma patients and was associated with the infiltration of
eosinophils, neutrophils, and lymphocytes into the lungs'®”’. CH25H expression was upregulated in
the lungs of patients suffering from chronic obstructive pulmonary disease'®®. Bartlett et al. even
suggested that G-protein coupled receptor 183 (GPR183)-7a,25-dihydroxycholesterol (7a,25-OHC)
axis might play a significant role in TB development®®.

However, despite the growing interest in the role of CH25H in immune responses against Mtb, no
studies have specifically addressed its critical function in altering dendritic cell (DC) activity during
mycobacterial infections. As key modulators of anti-TB immune responses in both infection and
vaccine-mediated protection models, DCs play a vital role?°®2°!, Therefore, our study adopts a novel

approach to investigate how CH25H deficiency impacts the functional properties of DCs, with a
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focus on immune responses to mycobacterial stimulation.

Publications on the role of CH25H in modifying adaptive immune responses suggest that Mtb-
induced type | IFN signaling and subsequent CH25H upregulation may impair the necessary
responses for effective anti-TB immunity, such as Thl responses. Chalmin et al. proposed that
CH25H deficiency attenuated EAE progression by suppressing the trafficking of pathogenic
autoimmune CD4* lymphocytes to the central nervous system. Such migration of lymphocytes was
highly dependent on CH25H-mediated EBI2 activity?®?, Research conducted by Wu et al.
demonstrated that 25-HC suppressed SIV antigen-specific CD4* lymphocytes, impairing IL-2 and
TNF-0 production 7. While studies on the role of CH25H in mycobacterial infections have
primarily focused on its impacts on innate immunity, given that Mtb-specific CD4* T cells are
considered crucial for anti-TB immunity?22%4 CH25H may disrupt the optimal induction of Mtb-
specific adaptive immune responses.

Thus, considering the immune regulatory role of CH25H and its status as an interferon stimulated
gene (ISG) regulated by type | IFN signaling, a crucial factor in TB pathogenesis?®>2%, we
hypothesized that CH25H expression would restrict adequate Mtb-specific immune responses. In
order to dissect the precise mechanisms of how CH25H restricts anti-TB immunity, we adapted
Ch25h” mice, which are widely used in immune-related studies but not a common model for
studying TB. Considering that Ch25h” mice feature clear modifications in immune responses, such
as enhanced IL-1 responses and improved SREBP2-dependent IgA production®192207 = \ye
hypothesized that Ch25h”- mice might feature adjusted anti-TB immune responses, which show a
clear correlation to defense against Mtb.

In this study, we first proposed that CH25H can modulate immune responses against Mtb infection
by affecting the T cell activating properties of DCs. Ch25h”- bone marrow-derived DCs (BMDCs)

exhibited higher expression of co-stimulatory molecules CD80 and CD86, and produced higher
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levels of 1L-12p70 after stimulation. Moreover, we demonstrated that Ch25h”- T cells alone cannot
display enhanced proliferation and cytokine production, whereas T cells co-cultured with Ch25h”-
DCs successfully underwent rapid proliferation and cytokine expression, including superior 1L-2
production in vitro. Although Ch25h” mice did not show clear resistance against Mtb infection and
enhanced Th1 response at the four weeks post-infection period, we found that BCG vaccination in
Ch25h” mice induced a robust memory response in an Mtb antigen-specific manner, along with
enhanced IL-2 production. BCG-vaccinated Ch25h” mice showed significantly lower
mycobacterial load and lung inflammation compared to BCG-vaccinated WT mice at six weeks
post-infection. The increase in IL-2-producing effector memory T cells and IL-2 production was
sustained, contributing to the maintenance of Mtb-specific immune memory. Furthermore, while the
efficacies of BCG vaccination were not significantly sustained until twelve weeks post-infection
point in WT mice, BCG-vaccinated Ch25h”- mice showed a greater reduction of pulmonary CFUs,
revealing that CH25H deficiency contributes to the induction of a durable, potent protective
immunity against Mtb infection. Our data suggest that CH25H deficiency can induce proper immune
responses to BCG in vivo, regulating DC activation and Thl cell induction. These findings may
provide further potential for developing novel strategies targeting 25HC or oxysterol production,

which might act as crucial augmentations for improving vaccine efficacies.
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2. MATERIALS AND METHODS

2.1. Ethics statements and study approval

All animal experiments followed the regulations set by the Korean Food and Drug Administration.
The Ethics Committee and Institutional Animal Care and Use Committee (2018-0196; C57BL/6J,
BALB/C, Ch25h, 2021-0159; C57BL/6J, BALB/C, Ch25h"-, P25 TCR-Tg) at Yonsei University

Health System (Seoul, Korea) granted approval for each experimental protocol.

2.2. Mice

Six- to seven-week-old female C57BL/6J and BALB/C mice were obtained from Japan SLC, Inc.
(Shizuoka, Japan). Six- to seven-week-old female Ch25h”- mice were obtained from Jackson
Laboratory (Sacramento, CA, USA). Six- to seven-week-old female P25 TCR-Tg mice were kindly
gifted from professor Sang-Jun Ha. The mice were housed in a specific pathogen-free (SPF)
environment with barriered conditions at the Yonsei University Medical Research Center SPF

facility.

2.3. Bone marrow-derived cell culture

Murine BMDCs were prepared and cultured following a previously described protocol?®. Bone
marrow cells were plated in Petri dishes and cultured at 37°C in a 5% CO2 environment. The RPMI
1640 medium was supplemented with 100 units/ml penicillin/streptomycin, 10% fetal bovine serum
(FBS), 50 uM mercaptoethanol, 20 ng/ml Granulocyte-Macrophage Colony-Stimulating Factor
(GM-CSF), and 5 ng/ml IL-4. In some experiments aiming for highly purified populations, DCs
were labeled with bead-conjugated anti-CD11c monoclonal antibodies, followed by positive

selection using paramagnetic columns (LS columns) according to the manufacturer’s instructions
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(Miltenyi Biotech, Bergisch Gladbach, Germany). The culture of murine bone marrow-derived
macrophages (BMDMs) was conducted following a previously described protocol?®. Isolated
mouse bone marrow cells were maintained with L929-conditioned DMEM supplemented with 10%

FBS and 100 units/ml of penicillin/streptomycin at 37°C in a 5% CO2 environment for 6 days.

2.4. Mycobacterial culture and antigens

Mycobacterium bovis BCG Pasteur 1137P2 was kindly gifted from Dr. Roland Brosch. Mtb H37Rv
was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). These strains
were cultured in 7H9 broth supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC;
Difco Laboratories, Franklin Lakes, NJ, USA) for 4 weeks at 37°C. Following cultivation, all
bacteria were washed three times with 10 mM phosphate-buffered saline (PBS; pH 7.4). For single-
cell preparation, the mycobacterial culture was centrifuged at 3500 rpm for 20 minutes at room
temperature. The supernatant was carefully discarded, and the pellet was washed twice with PBS.
The pellet was resuspended in PBS, followed by bath sonication to ensure complete dispersion of
the bacterial cells. The suspension was incubated in a stationary position at 36°C for 1 hour. After
incubation, the supernatant was carefully collected and passed through disposable Falcon cell
strainers (Corning, Corning, NY, USA) to eliminate aggregation. The prepared suspension was
aliquoted into small volumes and stored at -80°C until further use. The detailed procedures
previously described were followed meticulously'®ttL219  Mycobacterial antigens PPD?'! and
Ag85B™3 were used for stimulus, while LPS (from E. coli 0111: B4) purchased from InvivoGen

(San Diego, CA, USA) served as a control*1®,

2.5. BCG vaccination and Mtb infection
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Mice were vaccinated with BCG via subcutaneous injection (1.0 x 108 CFUs/mouse). Ten weeks
after vaccination, the vaccinated mice were euthanized and autopsied for assessing immunological
features or aerogenically challenged with the Mtb H37Rv strain as previously described?*2. Aerosol
infection was performed using a Glas-Col aerosol apparatus (Glas-Col, Terre Haute, IN, USA) for
70 minutes, adjusted to achieve an initial infectious dose of 200 CFUs. At four, six, and twelve
weeks post-challenge, mice from each group were euthanized for analysis of the bacterial load,

histopathology, and immunological assays.

2.6. Preparation of single cell suspensions from mice

The mice undergoing in vivo analysis of immune responses and TB progression were euthanized
via inhalation of carbon dioxide. Lungs and spleens of autopsied mice were obtained in order to
assess bacterial load, inflammation, and immune cell distribution. According to the methods
illustrated in previous studies!*3114, single-cell suspensions were harvested from the lung tissue and

went through flow cytometry analysis or co-culture with DCs.

2.7. Enumeration of mycobacterial CFU and assessment of pulmonary inflammation

The lungs and spleens of Mtb-infected mice were harvested after autopsy. To enumerate
mycobacterial growth, lung and spleen tissues were plated onto Middlebrook 7H10 agar (BD,
Franklin Lakes, NJ, USA) after homogenization, following preparation methods from previous
studiest!3116, After a four-week incubation period at 37°C, mycobacterial colonies were counted. To
enumerate lung inflammation, the right superior lobes of the lungs were kept in 10% formalin
overnight for preservation and later embedded in paraffin. To perform histopathologic analysis, the

lungs were sectioned at 4-5 um and stained with hematoxylin and eosin (H&E). The degree of lung
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inflammation was quantified using the ImageJ program (National Institutes of Health, USA),

according to previously described references!>23,

2.8. BMDC activation and quantification of T cell responses via DC-T cell co-culture

Splenocytes from C57BL/6J, Ch25h”- and BALB/C mice were used for allogenic DC-T cell co-
cultures. Splenocytes from P25 TCR-Tg mice and BCG-vaccinated WT mice (sacrificed ten weeks
post-vaccination) were used to enumerate Mth antigen-specific T cell proliferation and activation.
CD90.2* T cells were isolated from spleen cell suspensions using a MACS column. Splenic T cells
were then stained with 1 pM carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Waltham,
MA, USA) according to previously described methods?®. Subsequently, the CFSE-labeled T cells
were cultured with stimulated BMDCs. The DCs were stimulated with LPS (100 ng/ml), PPD (1
ug/ml), Ag85B protein (5 pg/ml), and Ag85B peptide (1 pg/ml) with a cell ratio of 2x10° DCs per
well, at a DC: T cell ratio of 1:10. After three days of co-culture, the T cells were stained with
monoclonal antibodies against CD90.2, CD4, CD8 and CD44 and the cell proliferation rate was
analyzed using a CytoFLEX S Flow cytometer (Beckman Coulter, Indianapolis, IN). Supernatants
were harvested, and cytokine production from splenic T cells were quantified using mouse IFN-y,
TNF-0, IL-2, and IL-17A ELISA kits (Invitrogen, Waltham, MA, USA) as well as a mouse IL-10

ELISA kit (Biolegend, San Diego, CA, USA).

2.9. Antibodies and flow cytometry

Flow cytometry analysis of immune cells was conducted using the subsequent antibodies.
LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit, Green Dead Cell Stain Kit, and Aqua Dead
Cell Stain Kit were purchased from Molecular Probes (Carlsbad, CA, USA). Brilliant violet (BV)

605-conjugated mAb against Thyl1.2 and CD19; Allophycocyanin (APC)-conjugated mAb against
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CD45R; BV 421-conjugated mAb against CD45; APC-R700-conjugated mAb against Siglec-F;
Fluorescein isothiocyanate (FITC)-conjugated mAb against CD45.2; Alexa Fluor 488-conjugated
mAb against IL-17A; and V450- conjugated mAb against Ly6G were purchased from (BD, Franklin
Lakes, NJ, USA). BV 421-conjugated mAb against CD86, MHC-II, KLRG1, CD44, and CD62L,;
BV 785-conjugated mAb against CD8; Phycoerythrin (PE)-conjugated mAb against CD80, CD64,
and IFN-y, and; Peridinin chlorophyll (PerCP)-Cy5.5-conjugated mAb against CD4 and CD11b;
APC-conjugated mAb against TNF-a, Ki-67, and CD103; PE-Cy7-conjugated mAb against PD-1;
APC-Cy7-conjugated mAb against MHC-II; PE-Cy7-conjugated mAb against IL-2; Alexa fluor
700-conjugated mAb against CD62L; and PE-Dazzle conjugated mAb against CD11c and CD69
were purchased from Biolegend (San Diego, CA, USA). PE-conjugated anti Ag85B specific
tetramers were kindly obtained from the NIH tetramer core facility at Emory University. Surface

and intracellular staining processes were executed according to the referenced study**2.

2.10. Analysis of multifunctional T cell responses

Mouse lung cells and splenocytes containing T cells were stimulated with PPD (1 ug/ml) or Ag85B
(5 pg/ml) for 12 hours at 37°C. Following stimulation, supernatants and cell pellets were harvested
for ELISA and flow cytometry analysis. Cell pellets underwent Fc-receptor blockade using anti-
CD16/32 antibody (Biolegend, San Diego, CA, USA) before being surface-stained with BV 605-
conjugated mAb against Thyl.2, PerCP-Cy5.5-conjugated mAb against CD4, BV 786-conjugated
mADb against CD8, Alexa Fluor 700-conjugated mAb against CD62L, and BV 421-conjugated mAb
against CD44. After surface staining, cells were permeabilized with BD Perm/Fix solution (BD,
Franklin Lakes, NJ, USA) and intracellularly stained with PE-conjugated anti-IFN-y, APC-
conjugated mAb against TNF-a, and PE-Cy7-conjugated mAb against IL-2. Post-staining, cells

were fixed with IC fixation buffer (Invitrogen, Waltham, MA, USA) and analyzed using a
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CytoFLEX S Flow cytometer (Beckman Coulter, Brea, CA, USA). The collected supernatants were
used to quantify secreted IFN-y, TNF-qa, IL-2, IL-17A, and IL-10. The analysis of cytokine secretion

from the supernatants was performed using the mouse ELISA Kits listed below.

2.11. Measurement of cytokines and IgG responses

For the analysis of T cell cytokines, lung single cell suspensions were stimulated with two different
Mtb antigens, PPD and Ag85B according to the referenced studies'*24, To detect cytokines, ELISA
kits were utilized. Mouse IFN-y, TNF-qa, IL-1B, IL-2, 1L-12p70, and IL-17A ELISA Kits were
purchased from Invitrogen (Waltham, MA, USA). Mouse IL-10 ELISA kit was purchased from
Biolegend (San Diego, CA, USA). For the analysis of serum IgGs, biotin-conjugated anti-mouse
total 1gG antibody was purchased from Sigma-Aldrich (Burlington, MA, USA). Biotin-conjugated
anti-mouse 1gG1 and 1gG2c antibodies were obtained from Biowest (Bradenton, FL, USA). Anti-

biotin HRP and substrate solution were purchased from Invitrogen (Waltham, MA, USA).

2.12. Statistical analyses

The results were presented as the mean + standard deviation (SD). To analyze the significance of
differences between two selected groups, unpaired t-test and Mann-Whitney U test was conducted.
To analyze the significance of differences between more than two selected groups, ANOVA test
was conducted. GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, CA, USA,

www.graphpad.com) was adapted for statistical analysis. The statistical significance was determined

using the following definitions: n.s.: not significant, *p < 0.05, **p < 0.01, **p <0.01, ***p <0.001,

ks < 0.0001.
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3. RESULTS

3.1. Ch25h”- DCs feature more activated phenotype with Thil-inducing characteristics
We first aimed to investigate the impact of CH25H deficiency in DCs in vitro. BMDCs from both
WT and Ch25h”- mice were generated with GM-CSF stimulation. After 8 days of culture, the cells
were harvested and stimulated with LPS or mycobacterial antigens PPD and Ag85B to assess the
expression of surface markers and cytokine production (Figure 1A). Harvested BMDCs were gated
and analyzed according to the gating strategies attached (Figure 2A, 2B). We confirmed that CH25H
deficiency does not affect the differentiation of BMDCs, as the purity of BMDCs was not
significantly altered (Figure 1B). Remarkably, Ch25h”- BMDCs displayed increased expression of
co-stimulatory molecules CD80 and CD86 compared to WT BMDCs after stimulation with LPS,
Mtb antigens PPD and Ag85B, and BCG (Figure 1C). On the other hand, the expression of MHC-
I and MHC-II did not notably increase in Ch25h” BMDCs after stimulation (Figure 1D).
Additionally, stimulated Ch25h”- BMDCs displayed increased secretion of IL-12p70, IL-1 a, and
IL-1B, coupled with decreased production of IL-10, indicating the potential to influence T cells
toward Thl phenotypes (Figure 1E). Meanwhile, the secretion of TNF-a, IL-6, IL-23, and TGF-
were not significantly altered in stimulated Ch25h”- BMDCs (Figure 2C). Furthermore, although
stimulated Ch25h”" BMDMs produced more IL-1p compared to WT BMDMs as previously
reported®®®, they did not exhibit decreased IL-10 production and did not produce IL-12p70 in
response to antigen stimulation (Figure 2D). Therefore, we hypothesize that DCs, rather than
macrophages, are the primary immune cells responsible for significantly altering adaptive immune
responses in Mth-infected Ch25h” mice. Our findings suggest that CH25H deficiency strongly
affects DC responses to antigen stimulation, potentially directing natwve T cells toward Thl cell

differentiation.
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Figure 1. Comparative expression profiles of co-stimulatory molecules and cytokine
productions in BMDCs from Ch25h”" and WT mice in response to BCG and mycobacterial
antigens. (A) Experimental design for in vitro analysis of BMDC differentiation with WT and
Ch25h” mice. (B) The purity of harvested CDI11¢"MHC-II' BMDCs. (C) Relative Mean
Fluorescence Intensity (MFI) values (% of unstimulated controls) of CD80 and CD86 in BMDC:s.
(D) Relative MFI values (% of unstimulated controls) of MHC-I and MHC-II in BMDCs after
stimulation. (E) The expression levels of IL-1a, IL-1B, IL-12p70, and IL-10 in supernatants of
stimulated BMDCs are. The data are presented as the mean + SD of five mice in each group. The
significance of differences was determined, using an unpaired #-test. 7.s.; not significant, *p <0.05,

*xp <0.01, **%p < 0,001, ***%p < 0.0001
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Figure 2. Gating strategies for DCs and additional properties of Ch25h”- BMDCs and BMDM:s.
(A) In vitro flow cytometry gating strategy for BMDCs. (B) In vivo flow cytometry gating strategy
for pulmonary DCs. (C) The expression levels of TNF-a, IL-6, IL-23 and TGF-p in the supernatants
of stimulated BMDCs. (D) The expression levels of IL-1f, IL-10, and IL-12p70 in the supernatants
of stimulated BMDCs. The data are presented as the mean + SD of four mice in each group. The
significance of differences was determined, using an unpaired ¢-test. 7.s.; not significant, *p <0.05,

**p <0.01
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3.2. CH25H deficiency in DCs, rather than in T cells, has the potential to induce rapid
proliferation and Th1l polarization of CD4* T cells

We observed that Ch25h”- DCs feature enhanced expression of co-stimulatory molecules and
cytokine production in response to antigenic stimulus. To confirm whether Ch25h” DCs can
polarize T cells into Thl type and whether CH25H deficiency can alter T cell responses
independently from DC functions, we conducted co-culture experiments using DCs and T cells from
allogeneic mice. BMDCs and splenic T cells were obtained from WT, Ch25h”, and BALB/c mice.
In the first experiment, WT and Ch25h”- BMDCs were co-cultured with BALB/c splenic T cells to
initiate allogeneic T cell responses. In the second experiment, WT and Ch25h” splenic T cells were
co-cultured with BALB/c BMDCs. DCs were stimulated with PPD for 24 hours before co-culturing
with allogeneic T cells, which were stained with CFSE. After 3 days of co-culture, cells and
supernatants were harvested to investigate T cell proliferation and cytokine production (Figure 3A).
Co-cultured T cells were gated and analyzed according to the gating strategies attached (Figure 4).
Compared to WT DCs, Ch25h”* DCs more induced spontaneous proliferation of BALB/C T cells.
CD4* and CD8"* T cells incubated with Ch25h”- DCs exhibited a greater proliferation than WT DCs.
(Figure 3B). Furthermore, BALB/c T cells incubated with Ch25h” DCs produced more IFN-y,
TNF-a, and IL-2 after co-culture, while IL-10 production was not significantly different from T cells
incubated with WT DCs. (Figure 3C). In contrast, there was no clear difference in proliferation
between WT and Ch25h™ T cells incubated with BALB/c DCs (Figure 3D). In addition, Ch25h”- T
cells incubated with BALB/C DCs did not show significant upregulation of Th1 cytokines compared
to WT T cells (Figure 3E). We also determined that unstimulated Ch25h” DCs are not capable of
inducing T cell proliferation and Thl cytokine production, suggesting that antigenic stimulus is
essential for the initiation of DC-mediated T cell activation in CH25H-deficient conditions (Figure

5). In addition, we confirmed that Ch25h”- BMDCs treated with BCG can also facilitate T cell
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proliferation and Thl cytokine production (Figure 6). Therefore, we concluded that CH25H
deficiency in DCs is crucial for the rapid Thl polarization of naive T cells, rather than CH25H

deficiency in T cells themselves.
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Figure 3. T cell proliferation and cytokine production status of splenic T cells co-cultured with
stimulated WT and Ch25h”- BMDCs. (A) Experimental scheme for DC-T cell co-culture assay.
WT and Ch25h”" BMDCs were stimulated with Ag85B and co-cultured with CFSE stained splenic
T cells. After three days of co-culture, flow cytometry analysis and ELISA were performed. (B)
CD4" and CD8* T cell proliferation status in BALB/C splenic T cells incubated with WT BMDC or
Ch25h” BMDCs. (C) The expression levels of IFN-y, TNF-o, IL-2, IL-17A, and IL-10 in
supernatants of BALB/C splenic T cells incubated with WT BMDC or Ch25h”- BMDCs. (D) CD4*
and CD8* T cell proliferation status in BALB/C BMDCs incubated with WT splenic T cells or
Ch25h™ splenic T cells. (E) The expression levels of IFN-y, TNF-a, IL-2, IL-17A, and IL-10 in
supernatants of BALB/C BMDCs incubated with WT splenic T cells or Ch25h™ splenic T cells. The
data are presented as the mean + SD of five mice in each group. The significance of differences was
determined, using unpaired -test. n.s., not significant. *p <0.05, **p <0.01, ***p < 0.001, ****p <

0.0001
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Figure 4. Gating strategies for T cells. (A) In vitro flow cytometry gating strategy for T cells co-
cultured with BMDC:s. (B) In vivo flow cytometry gating strategy for pulmonary cytokine producing

T cells.
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Figure 5. T cell proliferation and cytokine production status of splenic T cells co-cultured with
unstimulated WT and Ch25h” DCs. (A) Experimental scheme for unstimulated DC-T cell co-
culture assay is. Unstimulated WT and Ch25h”" BMDCs were co-cultured with CFSE stained splenic
T cells. After three days of co-culture, flow cytometry analysis and ELISA were performed. (B)
CD4" and CD8* T cell proliferation status in BALB/C splenic T cells incubated with WT BMDC or
Ch25h” BMDCs. (C) The expression levels of IFN-y, TNF-o, IL-2, IL-17A, and IL-10 in
supernatants of BALB/C splenic T cells incubated with WT BMDC or Ch25h”- BMDCs. (D) CD4*
and CD8* T cell proliferation status in BALB/C BMDCs incubated with WT splenic T cells or
Ch25h™ splenic T cells. (E) The expression levels of IFN-y, TNF-a, IL-2, IL-17A, and IL-10 in
supernatants of BALB/C BMDCs incubated with WT splenic T cells or Ch25h™ splenic T cells. The
data are presented as the mean + SD of five mice in each group. The significance of differences was

determined, using unpaired t-test. n.s., not significant. *p <0.05. **p <0.01, ***p < 0.001
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Figure 6. T cell proliferation and cytokine production status of splenic T cells co-cultured with
BCG-infected WT and Ch25h”- BMDCs. (A) Experimental scheme for DC-T cell co-culture assay.
WT and Ch25h”- BMDCs were stimulated with BCG and co-cultured with CFSE stained splenic T
cells. After three days of co-culture, flow cytometry analysis and ELISA were performed. (B) CD4*
and CD8* T cell proliferation status in BALB/C splenic T cells incubated with WT BMDC or Ch25h-
= BMDCs. (C) The expression levels of IFN-y, TNF-q, IL-2, IL-17A, and IL-10 in supernatants of
BALB/C splenic T cells incubated with WT BMDC or Ch25h”- BMDCs are represented. (D) CD4*
and CD8* T cell proliferation status in BALB/C BMDCs incubated with WT splenic T cells or
Ch25h™ splenic T cells. (E) The expression levels of IFN-y, TNF-a, IL-2, IL-17A, and IL-10 in
supernatants of BALB/C BMDCs incubated with WT splenic T cells or Ch25h™ splenic T cells. The
data are presented as the mean + SD of five mice in each group. The significance of differences was
determined, using unpaired -test. n.s., not significant. *p <0.05, **p <0.01, ***p < 0.001, ****p <

0.0001
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3.3. CH25H-deficient DCs are highly effective at inducing T cell proliferation and Thl
polarization of Mtb-specific CD4* T cells

Since we discovered that CH25H deficiency in DCs is crucial for inducing Th1 polarization and T
cell proliferation through allogenic DC-T cell co-culture assays, we aimed to determine whether
CH25H-deficient DCs can also activate Mtb-specific T cells. To assess whether Ch25h”- DCs can
activate Mtb-specific T cells, we designed two independent DC-T cell co-culture assay models. In
the first model, we utilized P25 TCR-Tg mice, which contain CD4* T cells expressing a transgenic
T cell antigen receptor that recognizes peptide 25 (aa 240-254) of the Mth antigen Ag85B2°1:214,
Splenic T cells from P25 TCR-Tg mice were co-cultured with WT and Ch25h”- BMDCs activated
with the Ag85B peptide. In the second model, we harvested splenic T cells from BCG-vaccinated
WT mice ten weeks post-vaccination. BCG-challenged splenic T cells were co-cultured with WT
and Ch25h”- BMDCs stimulated with PPD. Splenic T cells were stained with CFSE and co-cultured
with the stimulated DCs for 3 days. Cells and supernatants were harvested to assess T cell
proliferation and cytokine production (Figure 7A). We found that Ch25h”- DCs induced
spontaneous proliferation of P25 CD4* T cells (Figure 7B) and upregulated the expression of IFN-
v, IL-2, and IL-17A while downregulating the expression of IL-10 (Figure 7C). Similar results were
observed when Ch25h”- DCs were co-cultured with splenic T cells from BCG-vaccinated mice.
Ch25h”- DCs significantly increased the proliferation of BCG-vaccinated CD4* T cells (Figure 7D),
upregulated IFN-y, IL-2, and IL-17A expression, and downregulated 1L-10 expression (Figure 7E).
In conclusion, we demonstrated that CH25H-deficient DCs are highly effective at promoting T cell

proliferation and Thl polarization of Mth-specific T cells.
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Figure 7. T cell proliferation and cytokine production status of Mtb-specific splenic T cells co-
cultured with stimulated WT and Ch25h”- BMDCs. (A) Experimental scheme for DC-T cell co-
culture assay. WT and Ch25h”" BMDCs were stimulated with Ag85B peptide or PPD and co-cultured
with CFSE stained splenic T cells from P25 TCR-Tg mice or BCG-vaccinated WT mice (sacrificed
at ten weeks post-vaccination). After three days of co-culture, flow cytometry analysis and ELISA
were performed. (B) CD4" and CD8* T cell proliferation status in P25 TCR-Tg splenic T cells
incubated with WT BMDC or Ch25h” BMDCs. (C) The expression levels of IFN-y, TNF-q, IL-2,
IL-17A, and IL-10 in supernatants of P25 TCR-Tg splenic T cells incubated with WT BMDC or
Ch25h”" BMDCs. (D) CD4* and CD8" T cell proliferation status in BCG-vaccinated WT splenic T
cells incubated with WT BMDC or Ch25h”- BMDCs. (E) The expression levels of IFN-y, TNF-a,
IL-2, IL-17A, and IL-10 in supernatants of BCG-vaccinated WT splenic T cells incubated with WT
BMDC or Ch25h”* BMDCs. The data are presented as the mean + SD of five mice in each group.
The significance of differences was determined, using unpaired ¢-test. n.s., not significant. *p <0.05,
**p <0.01, ***p < 0.001

0.001
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3.4. BCG vaccination elicits greater antigen-specific T cell responses in Ch25h” mice than
WT mice

Based on above results, we first explored whether the immunological changes induced by CH25H
deficiency can enhance anti-TB immune responses during the course of Mtb infection by comparing
WT and Ch25h” mice after infection with the Mtb H37Rv strain. At four weeks post-infection, the
mice were euthanized to assess the severity of TB and immune functions. We observed that
pulmonary bacterial load, spleen bacterial load, and lung inflammation were not significantly altered
in Mtb-infected Ch25h” mice at this time point (Figure 8). While the numbers of pulmonary DCs
and CD86 expression were upregulated in Ch25h” mice, there was no significant difference in
antigen-specific immune responses against mycobacterial antigens PPD and Ag85B. The
proportions of multifunctional (IFN-y* TNF-a*, IFN-y* IL-2*, IFN-y* TNF-a* 1L-2*) pulmonary
CD4* T cells, the numbers of IFN-y, TNF-a, and IL-2 positive CD4* T cells, and the expression of
cytokines including IFN-y, TNF-q, IL-2, and IL-10 were not significantly increased in the lungs of
Mtb infected Ch25h” mice (Figure 9). Even more surprisingly, although CH25H is reported to be
a remarkable 1SG, and the expression of ISGs is correlated with the progression of TB in various
studies?®>2%, induction of type | IFN signaling through intratracheal Poly I:C treatment still
exacerbated TB in Ch25h” mice (Figure 10). These results indicated that type | IFN-mediated
expression of CH25H does not significantly affect disease progression in the model of pulmonary
Mtb infection. Although Ch25h” mice failed to demonstrate enhanced protection against Mtb at
four weeks post-infection, we hypothesized that Ch25h”- DCs may have the potential to induce more
robust antigen-specific Thl-type T-cell immune memory against Mtb in vivo, as they were able to
induce a greater T cell proliferation and Th1 cytokine productions than WT DCs as shown in Figure
2 and 3. Particularly, distinct upregulation of 1L-2 from T cells activated by Ch25h” DCs provided

us novel clues about the role of CH25H deficiency in boosting anti-TB immunity. Considering that
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IL-2 plays a significant role in anti-TB immunity, particularly in activating and proliferating Mtb-
specific CD4* T cells 2*5216, we hypothesized that enhanced DC functions and DC-mediated memory
T cell activation might contribute to effective protection against Mtb. We also postulated that
enhanced Th1l responses via DC activation reinforced by CH25H deficiency may enhance the
efficacy of BCG vaccination, as suggested by studies emphasizing the role of IL-2 in maintaining
strong vaccination-induced antigen-specific immune responses?’-?1%, To confirm whether CH25H
deficiency alters memory responses induced by BCG vaccination, we subcutaneously vaccinated
both WT and Ch25h”- mice with BCG. At ten weeks post-vaccination, the mice were euthanized to
assess the severity of TB and immune functions (Figure 11A). We observed that BCG-vaccinated
Ch25h” mice exhibited an increased number of pulmonary CD44"CD62L'" effector T cells,
featuring higher expression of CD44 (Figure 11B). We also figured out that Ag85B-specific CD4*
T cells and CD69*CD103* residential memory CD4* T cells were increased in the lungs of BCG-
vaccinated Ch25h”- mice (Figure 11C). Furthermore, effector T cells from BCG-vaccinated Ch25h-
" mice exhibited increased Ki-67 expression, a potential marker indicating heightened T cell
proliferation??%221, They also featured decreased KLRG1 expression, another characteristic of highly
proliferative T cells??2?% (Figure 11D). Pulmonary T cells of BCG-vaccinated Ch25h” mice also
displayed significant differences in cytokine-producing profiles in response to mycobacterial
antigens PPD and Ag85B. The proportions of multifunctional (IFN-y*TNF-a*, IFN-y*IL-2*, IFN-
Y TNF-a*IL-2*) pulmonary CD4* T cells (Figure 11E) and the numbers of IFN-y, TNF-a, and IL-
2 positive CD4* T cells (Figure 11F) were increased in BCG-vaccinated Ch25h”- mice. Induction
of Mtb-specific immune responses were also observed in a cytokine level, as the expression of IFN-
¥, TNF-a, and IL-2 were increased in lung cells as well. Notably, IL-2 production was significantly
upregulated in Ch25h” mice, suggesting its potential role in the rapid proliferation of antigen-

specific multifunctional T cells. However, the expression of 1L-10 was decreased in Ch25h”- mice
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(Figure 11G). Meanwhile, although the number of pulmonary DCs and CD86 expression on DCs
increased in BCG-vaccinated vaccinated Ch25h” mice, CD80 expression was not significantly
altered (Figure 12A). Humoral responses against Mtb antigens were not strongly induced in BCG
vaccinated Ch25h” mice, as the induction of PPD and Ag85B specific 1gGs were not significantly
increased (Figure 12B). These findings suggest that CH25H restricts the optimal induction of anti-

TB immune memory in response to BCG vaccination.
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Figure 8. Status of TB progression in WT and Ch25h”" mice, represented by lung inflammation
and mycobacterial load at four weeks post-infection. (A) Experimental scheme for in vivo Mtb
challenge. (B) CFUs of lungs and spleen and (C) lung pathology of Mtb-infected WT and Ch25h”
mice. H&E staining was performed on the superior lobes of the right lung at four weeks post-
infection to visualize the gross lung pathology. The data are presented as the mean = SD of five mice
in each group. The significance of differences was determined, using the Mann-Whitney U test. n.s.,

not significant.
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Figure 9. Immunological profiles of pulmonary DCs and CD4" T cells in WT and Ch25h”" mice
analysed at four weeks post-infection. (A) Flow cytometry analysis of pulmonary DCs of Mtb-
infected at four weeks post-infection. (B) Flow cytometry analysis of pulmonary effector CD4* T
cells. (C) The frequencies of Mtb-specific pulmonary multifunctional T cells, represented by the
percent of each cytokine positive T cell among the total cytokine positive T cells. Green bars indicate
statistical significance between IFN-y" TNF-a" CD4* T cells, red bars indicate statistical significance
between IFN-y" IL-2" CD4" T cells, and blue bars indicate statistical significance between IFN-y*
TNF-a" IL-2" CD4* T cells. (D) The numbers of Mtb-specific IFN-y*, TNF-a*, and IL-2* CD4* T
cells. (E) The levels of IFN-y, TNF-a, IL-2, IL-17A, and IL-10 in the supernatant of antigen
stimulated Mtb-infected lung cells in WT and Ch25h”" mice. The data are presented as the mean =
SD of five mice in each group. The significance of differences was determined, using the Mann-

Whitney U test. n.s., not significant. **p <0.01
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Figure 10. Status of TB progression in WT and Ch25h” mice treated with Poly I:C, represented
by lung inflammation and mycobacterial load at four weeks post-infection. (A) The
experimental scheme for in vivo Poly I:C treatment in Mtb-infected mice. Starting at fourteen days
post-infection, 200 pg of Poly I:C was administered intratracheally to the mice. The injections were
performed once daily for a total of three treatments, from fourteen to sixteen days post-infection. (B)
CFUs of lungs and spleen and (C) lung pathology of Mtb-infected WT and Ch25h”" mice. H&E
staining was performed on the superior lobes of the right lung at four weeks post-infection to
visualize the gross lung pathology. The data are presented as the mean &= SD of five mice in each
group. The significance of differences was determined, using the ANOVA test. n.s., not significant,

*p <0.05, **p <0.01
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Figure 11. Immunological profiles of pulmonary CD4" T cells in BCG-vaccinated, uninfected
WT and Ch25h” mice. (A) Experimental scheme for in vivo vaccination of BCG. (B) Flow
cytometry analysis of pulmonary effector CD4* T cells. (C) Flow cytometry analysis of pulmonary
Ag85B-specific CD4* T cells and CD69"CD103" TRMs. (D) MFI values of Ki-67 and KLRGI in
pulmonary effector T cells. (E) The frequencies of Mtb-specific pulmonary multifunctional T cells,
represented as.the percent of each cytokine positive T cell among the total cytokine positive T cells.
Green bars indicate the statistical significance between IFN-y* TNF-of CD4* T cells, red bars
indicate the statistical significance between IFN-y" IL-2* CD4" T cells, and blue bars indicate the
statistical significance between IFN-y" TNF-a" IL-2" CD4" T cells. (F) The numbers of Mtb-specific
IFN-y*, TNF-a", and IL-2* CD4" T cells. (G) The levels of IFN-y, TNF-a, IL-2, IL-17A, and IL-10
in the supernatant of antigen stimulated Mtb-infected lung cells in WT and Ch25h” mice. The data
are presented as the mean + SD of six mice in each group. The significance of differences was

determined, using the Mann-Whitney U test. n.s., not significant. *p <0.05, **p <0.01
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Figure 12. Additional immune profiles of BCG-vaccinated WT and Ch25h”" mice. (A) Flow
cytometry analysis of pulmonary DCs. (B) Total IgG, IgG1, and 1gG2c status in BCG vaccinated
mice. The data are presented as the mean £ SD of six mice in each group. The significance of

differences was determined, using Mann-Whitney U test. n.s., not significant, *p <0.05, **p <0.01
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3.5. BCG vaccination-induced Mtb-specific lung effector T cells provide improved protection
against Mtb in Ch25h” mice at six weeks post-infection

We confirmed that BCG vaccination can induce intact immune memory against Mtb in Ch25h”
mice. We aimed to investigate whether CH25H deficiency enhances the protective efficacy of BCG
vaccination in vivo, and whether it contributes to the long-term maintenance of protection against
Mtb. As clinical reports indicate that the efficacy of BCG diminishes during the later stages of Mtb
infection?4225, we infected BCG-vaccinated WT and Ch25h”- mice with Mtb at ten weeks post-
vaccination and assessed the degree of TB progression and immune responses at two different time
points. We initially aimed to determine whether BCG-vaccinated Ch25h”- mice exhibit improved
protection against at six weeks post-infection, which represents a comparatively earlier time point.
At this time point, the mice were euthanized to assess the severity of TB and immune functions
(Figure 13A). While no discernible disparity in TB progression was observed between unvaccinated
WT and Ch25h” mice, a notable reduction in CFU and lung inflammation were evident in BCG-
vaccinated Ch25h” mice compared to WT mice. Mycobacterial CFUs in the lungs and spleens
(Figure 13B) and lung inflammation (Figure 13C) in BCG-vaccinated Ch25h” mice were
decreased when compared to WT mice. The number of pulmonary effector T cells was still increased
in Ch25h” mice (Figure 14A). Intact Mtb-specific T cell responses were also maintained,
represented by the induction of multifunctional (IFN-y*TNF-a*, IFN-y*IL-2*, IFN-y*TNF-o*1L-2%)
pulmonary CD4* T cells (Figure 14B) and increased numbers of IFN-y, TNF-q, and IL-2-positive
CD4* T cells (Figure 14C). The increase in IFN-y, TNF-a, and IL-2 production and the decrease in
IL-10 production were also observed (Figure 14D). Taken together, we concluded that the induction
of Mtb-specific pulmonary T cells mediated by CH25H deficiency contributes to enhanced

protection against Mtb in vivo.
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Figure 13. Status of TB progression in WT and Ch25h” mice, represented by lung
inflammation and mycobacterial load at six weeks post-infection. (A) Experimental scheme for
in vivo Mtb challenge in BCG-vaccinated mice. (B) CFUs of lungs and spleen and (C) lung
pathology of Mtb-infected WT and Ch25h”" mice. H&E staining was performed on the superior
lobes of the right lung at six weeks post-infection to visualize the gross lung pathology. The data are
presented as the mean £ SD of five mice in each group. The significance of differences was
determined, using the ANOVA test and Mann-Whitney U test. n.s., not significant. *p <0.05, **p

<0.01
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Figure 14. Immunological profiles of pulmonary CD4* T cells in BCG-vaccinated WT and
Ch25h” mice analysed at six weeks post-infection. (A) Flow cytometry analysis of pulmonary
effector CD4"* T cells. (B) The frequencies of Mtb-specific pulmonary multifunctional T cells,
represented as the percent of each cytokine positive T cell among the total cytokine positive T cells.
Green bars indicate the statistical significance between IFN-y* TNF-o" CD4" T cells, red bars
indicate the statistical significance between IFN-y" IL-2* CD4" T cells, and blue bars indicate the
statistical significance between IFN-y" TNF-o IL-2* CD4* T cells. (C) The numbers of Mtb-specific
IFN-y*, TNF-a, and IL-2* CD4* T cells. (D) The levels of IFN-y, TNF-q, IL-2, IL-17A, and IL-10
in the supernatant of antigen stimulated Mtb-infected lung cells in WT and Ch25h” mice. The data
are presented as the mean + SD of five mice in each group. The significance of differences was

determined, using the Mann-Whitney U test. n.s., not significant. *p <0.05, **p <0.01
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3.6. CH25H deficiency contributes to the long-term maintenance of BCG-induced Mtb-
specific Thl cells for up to twelve weeks post-infection

To ascertain whether the improved protection against Mtb in BCG-vaccinated Ch25h” mice can
be sustained beyond six weeks post-infection, we planned to evaluate the impact of CH25H
deficiency on TB progression in Ch25h” mice at a later time point. Given that the efficacy of BCG
vaccination is reported to diminish after 60 days in WT mice??62%’ we planned to conduct analysis
at a time point beyond this threshold. At twelve weeks post-infection, the mice were euthanized to
assess the severity of TB and immune functions (Figure 15A). Interestingly, while BCG-vaccinated
WT mice did not show a significant reduction in pulmonary CFUs in comparison to unvaccinated
WT mice, BCG vaccinated Ch25h” mice showed a clear reduction in CFUs (Figure 15B) and lung
inflammation (Figure 15C) at ten weeks post-infection. Furthermore, we could observe sustainment
of intact Th1 responses against Mtb. Although the number of pulmonary effector T cells was not
significantly altered (Figure 16A), multifunctional (IFN-y* TNF-a*, IFN-y*IL-2*, IFN-y*TNF-a*IL-
2*) pulmonary CD4* T cells (Figure 16B) and IFN-y, TNF-a, and IL-2-positive CD4* T cells
(Figure 16C) were strongly induced in the lungs of BCG-vaccinated Ch25h” mice. In addition,
although the expression of IFN-y and TNF-a were not significantly altered in BCG-vaccinated
Ch25h” mice, the expression of I1L-2 was significantly sustained, along with the reduction of I1L-10
expression (Figure 16D). Taken together, we found that CH25H deficiency is potent at maintaining
the efficacies of BCG-induced Mth-specific immune memory in vivo. Our data suggest a novel
immunologic mechanism initiated by CH25H deficiency, which enables optimal activation of DCs
stimulated with mycobacterial antigens. We also revealed that CH25H deficiency in DCs, not T cells
is the key factor for enhancing proliferation and Thl polarization of T cells. Although CH25H
deficiency does not directly alter anti-TB immune responses at four weeks post-infection, we found

that BCG vaccination can induce rapidly proliferating and highly reactive Th1l cells in the lungs of
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Ch25h” mice. These Th1 cells and their robust responses were sustained until twelve weeks post-
infection, correlating with the enhanced efficacy of BCG vaccination in vivo. Collectively, our
findings suggest that an intensified protective connection between DC and CD4* T cell axis is the
crucial immunological factor contributing to the long-term maintenance of anti-TB immunity in

BCG-vaccinated Ch25h”- mice (Figure 17).
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Figure 15. Status of TB progression in WT and Ch25h” mice, represented by lung
inflammation and mycobacterial load at twelve weeks post-infection. (A) Experimental scheme
for in vivo Mtb challenge in BCG-vaccinated mice. (B) CFUs of lungs and spleen and (C) lung
pathology of Mtb-infected WT and Ch25h”" mice. H&E staining was performed on the superior
lobes of the right lung at ten weeks post-infection to visualize the gross lung pathology. The data are
presented as the mean £ SD of six mice in each group. The significance of differences was
determined, using the ANOVA test and Mann-Whitney U test. n.s., not significant. *p <0.05. **p

<0.01
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Figure 16. Immunological profiles of pulmonary CD4* T cells in BCG-vaccinated WT and
Ch25h”" mice analysed at twelve weeks post-infection. (A) Experimental scheme for in vivo Mtb
challenge in BCG-vaccinated mice. (B) CFUs of lungs and spleen and (C) lung pathology of Mtb-
infected WT and Ch25h” mice. H&E staining was performed on the superior lobes of the right lung
at ten weeks post-infection to visualize the gross lung pathology. (D) Flow cytometry analysis of
pulmonary effector CD4" T cells. (E) The frequencies of Mtb-specific pulmonary multifunctional T
cells, represented as the percent of each cytokine positive T cell among the total cytokine positive T
cells. Green bars indicate the statistical significance between IFN-y" TNF-a* CD4* T cells, red bars
indicate the statistical significance between IFN-y" IL-2* CD4" T cells, and blue bars indicate the
statistical significance between IFN-y" TNF-a" IL-2" CD4" T cells. (F) The numbers of Mtb-specific
IFN-y*, TNF-a", and IL-2* CD4" T cells. (G) The levels of IFN-y, TNF-q, IL-2, IL-17A, and IL-10
in the supernatant of antigen stimulated Mtb-infected lung cells in WT and Ch25h”" mice. The data
are presented as the mean £ SD of six mice in each group. The significance of differences was

determined, using the Mann-Whitney U test. n.s., not significant. *p <0.05. **p <0.01
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Figure 17. A graphical abstract with influence of CH25H deficiency on altering anti-TB
immune responses with emphasis on the interaction between DCs and T cells. Ch25h” DCs
exhibited heightened capacity to stimulate T cell proliferation and activation, characterized by
elevated expression levels of CD80 and CD86, as well as augmented production of IL-12p70 and
reduced secretion of IL-10. Notably, Ch25h”- DCs demonstrated proficiency in eliciting T cell-
mediated immune responses against Mtb. Despite the lack of apparent resistance to TB in Ch25h”"
mice, the induction of Mtb-specific Thl responses in BCG-vaccinated Ch25h”" mice. Taken together,
the establishment and persistence of such immune memory facilitated enhanced resistance against

Mtb infection in BCG-vaccinated Ch25h” mice.
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4. DISCUSSION

BCG, the only licensed vaccine against TB, is suboptimal due to its waning protection over time.
As BCG loses its effectiveness after adolescence??®, developing a new vaccine against TB requires
the ability to trigger and sustain a strong, long-term Mtb-specific immune response. Proper
immunological priming is crucial for generating durable Thl protective responses against Mtb
infection through vaccination. While CH25H-deficient macrophages exhibit heightened
inflammatory reactions'®% the role of CH25H in DCs, which are key innate cells bridging T cell
polarization, has not been fully elucidated particularly in the context of vaccine-mediated T cell
immunity against intracellular bacterial infections including TB.

In this study, we, to the best of our knowledge, for the first time investigated the impacts of CH25H
deficiency on anti-TB immunity, with a focus on DC-T cell axis. First, we observed that Ch25h"
DCs can induce T cell proliferation and activation through high expression of CD80 and CD86,
along with marked increased IL-12p70 production and decreased IL-10 production. Secondly, we
demonstrated that CH25H deficiency in DCs, rather than in T cells, can trigger rapid T cell
proliferation and Th1l cytokine production in vitro. Third, we found that highly proliferative Mtb-
specific multifunctional T cells were induced in BCG-vaccinated Ch25h” mice. Lastly, our findings
demonstrated that these multifunctional T cells were sustained in the lungs of BCG-vaccinated
Ch25h” mice up to twelve weeks post-infection, correlating with enhanced protection against Mtb.
Collectively, our study suggests that CH25H deficiency contributes to the long-term maintenance
of Mtb-specific immune responses by activating the DC-CD4* Th1 cell axis. Our research firstly
examined the impact of CH25H on vaccine efficacy, revealing detailed mechanisms by which it
enhances and sustains strong immune memory against antigens. Notably, we demonstrated that

CH25H deficiency is essential not only for inducing robust immune memory but also for maintaining
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long-term antigen-specific responses. Such novel findings may provide valuable insights for a broad
range of vaccine-related studies targeting multiple pathogens, extending beyond TB vaccines.

Our study is the first investigation into the protective effects of CH25H deficiency on immune
responses against Mtb. Although Bohrer et al. explored the impact of CH25H on anti-TB immunity,
their research primarily focused on the roles of CH25H and the oxysterol receptor GPR183 in
eosinophil recruitment. They suggested that eosinophils in Ch25h” mice exhibit impaired
recruitment to tissues due to the inability of alveolar macrophages to produce 25-HC?%., Zhou et al.
highlighted the role of 25-HC in Mycobacterium marinum infection by showing that Ch25h"- mice
display reduced formation of foam cells and less severe lung pathology%. However, these studies
did not elucidate the precise mechanisms by which CH25H regulates protective immune responses
against mycobacterial infections. They neither focused on the involvement of CH25H in modulating
adaptive immune responses against Mtb nor utilized vaccination-related in vivo models. Building
on previous studies that primarily addressed innate immune responses, we delved into the regulatory
roles of CH25H, which impedes the induction of pathogen-specific immune memory by impairing
the optimal activation of DC-T cell axis. Additionally, we proposed specific immune mechanisms
explaining how CH25H deficiency supports the maintenance of intact Mtb-specific Thl responses,
which are crucial immunological factors in defense against Mtb":2%4 both in vivo and in vitro. Our
study broadened insights into the impacts of CH25H, extending from its role in innate cells to its
further influence on adaptive immune responses against Mtb.

Furthermore, our findings contribute additional novelty by demonstrating that CH25H deficiency
significantly upregulates 1L-12p70 production in DCs challenged with mycobacterial antigens.
Although IL-12p70 is a crucial immunological factor for mediating Th1 differentiation, its induction
in vivo is reported to be challenging in various vaccine models?®-2%2, As we highlighted that CH25H

deficiency alters 1L-12p70 expression in DCs, our research could serve as a starting point for
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identifying factors that contribute to the upregulation of IL-12p70 in immune cells. Moreover, our
study may also provide insights for developing IL-12p70-related therapeutic interventions for
various diseases beyond TB, including RNA cancer vaccines, which require robust induction of IL-
12p70 to enhance their efficacy?332%,

Building on previous studies related to CH25H, we focused on its role in modulating cytokine
production and the expression of co-stimulatory markers in DCs. The role of CH25H in altering
inflammatory responses is well established, with most research focusing on its impact on
macrophages'®1%, Although Lu et al. assessed the role of CH25H in altering DC functions, they
primarily focused on the impaired cross-presentation of tumor antigens in Ch25h”- DCs. This
deficiency in antigen cross-presentation within the tumor microenvironment ultimately contributed
to lung cancer progression in Ch25h” DCs8, In contrast, our findings revealed that CH25H
deficiency induces the expression of CD80 and CD86, as well as the upregulation of IL-12p70 and
downregulation of IL-10. We suggest a novel avenue for research into the roles of CH25H in innate
immune cells, highlighting its impact on the functional properties of DCs.

Our observations are particularly noteworthy as we revealed that CH25H deficiency in DCs, rather
than in T cells, is crucial for the establishment of intact Mth-specific Th1 responses. While CH25H
primarily suppresses inflammatory responses in innate cells'®°, it has been reported to promote T
cell-mediated inflammation in various models of neuroinflammation®21%, Although prior studies
suggest that CH25H deficiency in T cells may suppress the expression of inflammatory cytokines,
we found that Ch25h” T cells do not exhibit altered Th1 cytokine production or proliferation in
response to stimulated DCs. We emphasize that CH25H deficiency in T cells is not a critical factor
in modulating immune responses against Mtb or BCG. Furthermore, we highlight that DCs are the
specific cell type affected by CH25H deficiency and are responsible for providing enhanced

protection against Mtb.
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While the induction of Th1 response is crucial for defense against Mtb at four weeks post-infection,
it remains unclear why Ch25h” mice did not feature enhanced protection at this time point. We
hypothesize that this phenomenon may arise from the altered responses of Ch25h”- DCs to Mtb and
BCG, which are distinct pathogens with different virulence profiles. According to Kim et al., highly
virulent Mtb strains stimulate DCs to produce more IL-10, leading to impaired Th1 polarization and
decreased T cell proliferation?®. We propose that exposure to Mtb may lead to increased I1L-10
production and decreased IL-12p70 production in Ch25h” DCs, potentially compromising their
protective efficacy in vivo. Conversely, when challenged with BCG, Ch25h”- DCs may successfully
induce Thl polarization, facilitated by decreased IL-10 production and increased IL-12p70
production. This suggests that CH25H deficiency in innate cells may yield different outcomes
depending on the type of pathogens encountered, in a manner that is influenced by virulence. We
hypothesize that the distinct immune responses of Ch25h” DCs to Mth and BCG confer protective
immunity specifically in BCG-vaccinated Ch25h” mice.

We confirmed that BCG vaccination induces rapidly proliferating and less exhausted effector T
cells in the lungs of Ch25h” mice. This is likely attributed to IL-2, which is a key factor in promoting
T cell proliferation and preventing T cell exhaustion®%2%7, Meanwhile, it is uncertain which
immunological factors strongly upregulate IL-2 in T cells, aside from DC activation. We
hypothesize that the autocrine expression of IL-2 in Thl cells may be critical for its distinct
upregulation, given the autocrine nature of IL-2 in enhancing its own expression within T cells32%°,
This autocrine I1L-2 is also considered essential for the long-term sustainment of Mtb-specific Thl
cells, as I1L-2-positive T cells were abundant in the lungs of BCG-vaccinated Ch25h”" mice up to
twelve weeks post-infection, a time point at which DCs stimulated with BCG may be diminished.

Pro-inflammatory signatures of Ch25h” innate cells are considered another factor that can promote
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IL-2 production in T cells, as inflammatory cytokines such as IL-1, IL-15, and TNF-a are crucial
for upregulating IL-2 expression in T cells?4,

While CH25H deficiency modulates humoral immune responses, these factors are not as critical as
the DC-T cell axis in anti-TB immunity. Although inflammatory lymphocyte accumulation, plasma
cell differentiation, and antibody production are described as key features of Ch25h”- mice in colitis
models?97-241.242 e did not observe a strong induction of antigen-specific 1gG responses in our TB
models. We concluded that while CH25H may influence humoral immune responses, its
contribution to anti-TB immunity appears to be less critical than the DC-mediated Th1 responses in
our model of Mtb infection.

Our study underscores the need for further research and the development of innovative approaches,
such as designing new adjuvant candidates which restrict CH25H expression or 25-HC activation.
Given that various adjuvants used in TB vaccines aim to enhance Mth-specific Th1 responses?3:244,
molecules that can downregulate 25-HC production or CH25H expression may have the potential to
enhance the efficacy of TB vaccines. While similar approaches have not yet been applied in TB
vaccine research, studies have already suggested the potential of cholesterol-modulating drugs to
enhance the efficacy of cancer vaccines. For instance, the combination of a Kras peptide cancer
vaccine with avasimibe, a drug that modifies cholesterol levels in T cells, resulted in an increased
number of antigen-specific IFN-y positive CD8" T cells successfully preventing lung tumor
progression in mice [67]. These challenges further emphasize the value of our research, suggesting
that modulators of CH25H or 25-HC could serve as potential adjuvants, particularly in vaccines that
require enhanced Th1l responses. We anticipate that our study will provide valuable insights for the
development of novel adjuvants for TB vaccines.

Furthermore, we hypothesize that the Ch25h” mouse model may be well-suited for adapting

various forms of TB vaccines, including mucosal immunization, subunit vaccination, or adjuvants
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that enhance DC functions. Considering that additional impacts of CH25H deficiency on adaptive
immune responses, such as increased IgA production at mucosal sites?®” have the potential to alter
vaccine efficacy?*>2, we believe that utilizing Ch25h”- mouse model in various TB vaccine-related
studies will be beneficial for broadening understandings on vaccine related immune responses.

However, we acknowledge several limitations in our study that require discussion. Firstly, although
we uncovered the impact of CH25H on modulating functional properties of DCs after antigen
stimulation, the detailed mechanisms by which CH25H influences the expression of co-stimulatory
molecules and cytokines remain unclear. Secondly, we did not precisely investigate whether the 25-
HC derived from CH25H plays a crucial role in suppressing immune responses against Mtb or
whether exogenous 25-HC can modulate DC functions. Lastly, it remains unclear whether CH25H
deficiency enhances the efficacy only of subcutaneous BCG vaccination or if it can also improve
the efficacy of other vaccination forms and routes of administration.

Despite the limitations, our study is novel as it is the first to propose that CH25H deficiency can
alter anti-TB immune responses both in vivo and in vitro. We also firstly proposed that DC-CD4* T
cell axis, reinforced by CH25H deficiency, is responsible for the long-term preservation of BCG
efficacy. Furthermore, our research is the first to reveal that host factors can potentially suppress
BCG efficacy. Conventional approaches to TB vaccines have primarily focused on developing new
vaccine candidates or adjuvants that intensify immune responses against Mtb. However, our study
introduces a novel approach by targeting a detrimental host factor that interferes with the induction
of optimal anti-TB immunity. By identifying CH25H as a host factor capable of suppressing proper
immune responses against Mtb, we propose that modulating such host factors can serve as a novel
strategy to enhance vaccine efficacy. Our findings may also encourage further researches to identify
additional detrimental host factors that hinder the optimal activation of pathogen-specific immune

memory induced by vaccination.
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5. CONCLUSION

Our research offers new insights into the role of CH25H in regulating immune memory against
Mtb. By analyzing the properties of Ch25h” DCs, we discovered that CH25H deficiency enables
the optimal activation of stimulated DCs, leading to enhanced T cell proliferation and Th1 cytokine
production. Our findings indicate that while CH25H deficiency does not significantly impact TB
pathogenesis, it contributes to the induction of BCG-mediated immune memory. We demonstrated
that BCG vaccination induces highly reactive Mtb-specific Thl cells, which provide long-term
resistance against Mtb infection in Ch25h” mice, lasting up to twelve weeks post-infection. Our
results provide a critical foundation for further understanding anti-TB immunity and developing

innovative strategies for protective interventions against Mtb.
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