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ABSTRACT

Chronic respiratory infections are a leading cause of death worldwide. These can
range in cause from genetic, to toxic, to pathogenic, but nearly all are characterized by
dysfunction of the pulmonary immune response. Pathogenic respiratory diseases are
caused by airborne bacteria or viruses that are inhaled and withstand the lung immune
response to establish infection and cause disease. Of pathogenic bacteria,
Mycobacterium tuberculosis (Mtb), the causative agent of Tuberculosis, is by far the
deadliest in terms of global burden, infecting nearly a third of the world’s population, and
killing 1.5 million per year. Current treatment and prevention strategies of pulmonary
tuberculosis are insufficient due to antibiotic resistance and lack of an effective vaccine.

Recently, efforts have been made to address this pandemic through the
development of host-directed therapies, which, instead of targeting the bacterium
directly, aim to treat disease by modulating host immune responses, allowing them to
better control the infection. Development of these therapies requires an intimate
understanding of the pathogenesis of Mtb within the lungs, the events that take place
during infection, and the immune mechanisms that are responsible for a successful or
failed immune response. A significant obstacle in developing novel host-directed
therapies for pulmonary tuberculosis has been an inability to effectively and efficiently
study the tissues that play significant roles during infection. When Mtb enters the lung,
the first cell it interacts with is the alveolar macrophage (AM), where it resides for
multiple weeks. Therefore, to develop an understanding of the initial events that occur

following exposure to Mtb, we must understand the alveolar macrophage and its



interactions with Mtb. However, an obstacle in this venture has been the scarcity of
these cells within the lungs, and the recalcitrance of these cells to ex vivo culture.

In this dissertation, | sought to address this obstacle by developing a novel ex
vivo alveolar macrophage model that we can use to expand our understanding of the
alveolar macrophage and pulmonary response to disease. We employ CRISPR/Cas9
genetics on a genome-wide scale to identify factors that contribute to the uniqueness of
AM biology and pave the way for future genetics approaches to uncover AM-specific
mechanisms of pathogen response. We explore the role of the essential cytokine TGFf
in this model and uncover a novel mechanism of TLR2-mediated type 1 interferon
production that occurs through a mitochondrial anti-viral response pathway and may
play a role in IFNB production during Mtb infection. To conclude my studies, |
investigate a potential genetic interaction of Caspasel and the phagocyte oxidase
during Mtb infection, and discover an extreme susceptibility of mice that lack both of
these factors to tuberculosis. This susceptibility is characterized by dysregulation of
cytokine responses and recruitment of permissive granulocytes and highlights the utility
of the investigation of genetic interactions as a strategy to uncover novel immune
mechanisms of protection during tuberculosis.

Taken together, these studies explore lung biology and the numerous ways that
AMs are a unique and important cell population. They underscore the utility of this
platform to, when used in combination with functional genetic approaches, broaden our

currently inadequate knowledge of pulmonary tuberculosis and lung inflammation.
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CHAPTER 1: INTRODUCTION



OUR LUNGS AND THE AIR WE BREATH

Our lungs work at the interface between our bodies and the outside world. Their
purpose is to facilitate gas exchange in our blood by bringing in oxygen and expelling
carbon dioxide. This function requires that lungs be both highly vascular but also
exposed to the oxygen-containing external environment. As a result, blood vessels and
lymphatic tissue comes into close proximity to inhaled foreign matter that occupies the
air we breathe. This matter can range from harmless particles of debris that can be
easily cleared, to pathogens, allergens, and toxicants that can damage the lungs and
cause disease. For this reason, the surface-air interface must be strictly surveilled by
immune cells that sample their surrounding environment, searching for this foreign
matter. These cells then must determine the threat of these particulates and tightly

regulate their responses to harmless, and harmful antigens.

MACROPHAGES IN THE LUNGS

Like nearly all organs, the lungs are occupied by numerous immune cell
populations that serve to sense and respond to antigens and coordinate an appropriate
immune response when necessary. These immune populations can be divided into two
categories: innate immune cells, which initiate rapid responses to a vast array of
antigens and alert the body to a threat, and adaptive immune cells, which activate in
response to innate immune signaling and mount delayed, but highly specific and robust
responses. One important class of innate immune cells is the macrophage.
Macrophages are the bodies primary resident mononuclear phagocytes that serve

numerous critical functions throughout the body including tissue development, tissue



repair, homeostasis and innate immune signaling(1-12). In their immune capacity,
macrophages detect, engulf (phagocytose), digest, and present antigens that are
encountered to elicit adaptive immune responses if necessary. Concerning lung
immunity, there are two primary macrophage populations: alveolar macrophages (AMS)
and infiltrating/recruited macrophages(13, 14). AMs are tissue-resident macrophages
that play a key role in maintaining lung homeostasis by clearing surfactant and patrolling
the alveoli to directly sense and respond to inhaled matter before it enters the body(15—
17). Infiltrating or recruited macrophages, however, reside within the circulation during
homeostasis and are not localized to the lung, but are recruited there during disease(1,
13). These two macrophages are highly distinct populations that fill unique niches

through diverse regulation of metabolic and inflammatory pathways.

MACROPHAGE DEVELOPMENT AND HETEROGENEITY

Macrophages throughout the body can broadly be separated into two classes:
circulating, bone marrow-derived monocytes (BMDMSs), and tissue-resident
macrophages (TRMs) (18). Circulating macrophages arise throughout life from
hematopoietic stem cells (HSCs), a process called hematopoiesis, and develop into
monocytes, when, as their name suggests, they circulate in the bloodstream for a brief
period before dying or being recruited to a tissue to develop into mature
macrophages(19-21). The functions of these macrophages are directed by transient,
local signals and can range from driving inflammation and anti-microbial functions to
resolving inflammation and repairing tissue damage following inflammation. TRMs,

unlike circulating macrophages, exist at homeostasis in mature, functional states(22,



23). There are numerous distinct TRM populations within the body that reside
exclusively in their respective tissues. In addition to alveolar macrophages in the lung,
there are Kupffer cells in the liver, microglia in the brain, and red pulp macrophages in
the spleen, among many others. Each of these TRMs are unique in their tissue-specific
functions but have the shared characteristic of developing from stem cells in the yolk
sac and seeding their respective tissues during fetal development(22, 24). Once in
these tissues, unlike circulating monocytes, these TRM populations proliferate and are
self-maintained throughout life, independent from hematopoiesis. Also unlike circulating
monocytes, TRMs more tightly regulate inflammation and disease response pathways.
As circulating monocytes are primarily functional in tissue when they’ve been recruited
due to existing inflammation, they need to more rapidly and robustly induce the pro/anti-
inflammatory responses as dictated by the already-present immune cells(13, 25-29).
TRMs, being constitutively present and active in their tissue, must more tightly regulate
inflammation and disease response pathways. As inflammation is damaging to both
pathogen and host, driving an unnecessarily robust inflammatory response to a
tolerable stimulus is detrimental to the host. This is especially important in the case of
alveolar macrophages. Since the air we breathe is laden with inert and non-pathogenic
particles, AMs must determine if what they engulf is pathogenic or not, and strictly
control their inflammatory responses to the countless antigens that they encounter. This
careful regulation of inflammation is likely due in part to expression of the transcription
factor PPARYy, dependance on the immune-modulating cytokine TGF(, and the reliance
of AMs on fatty acid metabolism for the generation of energy(30-39). Comparatively,

inflammatory bone marrow-derived macrophages express far less PPARy during



homeostasis and while contributing to inflammation. They also primarily employ
glycolysis as a means to generate metabolic intermediates, with a shift to fatty acid
metabolism being associated with an anti-inflammatory BMDM phenotype(40-48).
These numerous and significant differences highlight the need to study circulating
macrophage and individual TRM populations in their own context, so that we can
specifically understand the ontogeny-related and environmental factors that allow these

populations to function in such a distinct manner.

BONE MARROW-DERIVED MACROPHAGES VS ALVEOLAR

MACROPHAGES FOR EX VIVO STUDY

Compared to BMDMSs, our understanding of what makes AMs unique and how
they control their biology and inflammatory processes is remarkably limited. BMDMs are
well characterized due to both the ease of accessibility to large numbers of primary
cells, and the existence of numerous immortalized BMDM (iBMDM) models that
faithfully recapitulate BMDM biology and permit large scale in vitro replication and
experimentation. Tens of millions of primary BMDMSs can be acquired in less than a
week by extracting crude bone marrow from a single mouse and incubating it with cell
culture media containing macrophage colony-stimulating factor (M-CSF, a cytokine that
matures the HSCs into macrophages)(49-51). These strategies allow for rapid and
extensive exploration of BMDM immune regulation and responses using large scale -
omics and genetic manipulation studies, such as CRISPR-Cas9-mediated genetic
knockout, that require extended culture ex-vivo(52-54). AMs, however, are much more

difficult to study ex vivo, as they develop quickly after birth and exist exclusively in



relatively small numbers in a complex and heterogenous tissue. Isolation of this cell
population from murine lungs is a tedious and time-consuming process that yields
prohibitively low numbers of viable cells (5x10*— 2x10° cells/mouse)(55, 56).
Additionally, macrophages that are recovered from the lung are highly unstable ex vivo,
and quickly lose their AM-like properties in traditional cell culture media(55). For these
reasons, our current understanding of suitable growth conditions for primary AMs
renders them largely unsuitable for ex-vivo studies exploring AM biology. Due to the
aforementioned problems with primary AMs and the availability and accessibility of
BMDMs and iBMDMs, the BMDM models have largely been the basis of study in
understanding general macrophage biology and inflammatory responses. While
informative, these studies do not necessarily capture the numerous unique and
important differences between BMDMs and AMs(5, 13, 14, 25, 26, 29, 36, 39, 46, 47).
Therefore, there is a need for the development of an accessible alveolar macrophage-
like cell model that can stably be maintained ex vivo in high quantities for extended
periods of time.

In 2013, a research group led by Marina Freudenberg at the Max Planck Institute
in Hamburg, Germany, attempted to resolve this problem by leveraging the tissue
ontogeny of alveolar macrophages to create a fetal-liver derived macrophage that
possessed AM-like characteristics at steady state and in response to inflammatory
stimuli(57). These cells developed ex-vivo after mechanical disruption of the fetal liver
when cultured in traditional cell culture media and GM-CSF. In this study, Fejer et al
showed that in response to lipopolysaccharise (LPS) or the mycobacterial cell wall

component trehalose dimycolate (TDM), fetal-liver derived macrophages expressed



AM-like cytokine profiles and displayed highly distinct transcription profiles compared to
bone marrow monocytes in response to LPS. Overall, this new cell model was a
promising candidate for the study of AM biology ex vivo. Such a model would allow for
exploration and genetic dissection of lung biology and regulation of pulmonary
inflammation, so that we can better understand factors contributing to lung inflammation

and disease.

CHRONIC LUNG DISEASES ARE A MAJOR GLOBAL PUBLIC HEALTH

CONCERN

Chronic respiratory diseases are diseases of the lung that can persist anywhere
on the scale of years to being lifelong conditions. They are diverse and multifactorial in
their etiology, but primarily arise due to dysregulation of immune function in the lungs.
Chronic respiratory diseases are a major public health concern and leading cause of
mortality in the United States and worldwide. Respiratory infections and non-
communicable chronic respiratory diseases account for 2 of the top 5 causes of death
worldwide, with a global burden of 3.59 million and 3.54 million deaths caused per year,
respectively(58, 59). These diseases can be the result of genetic mutation,
environmental exposure to toxins (such as crystalline silica (cSiO2)), or infection with
pathogenic bacteria or viruses that are able to withstand the immune response and
drive chronic inflammation. The most notable and impactful of these chronic lung
disease-causing bacteria is Mycobacterium tuberculosis (Mtb), a hardy bacterium that is
highly effective in suppressing and evading host immune responses to establish chronic

pulmonary infections.



GLOBAL BURDEN AND CHALLENGES OF TUBERCULOSIS

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is an
intracellular, obligate human pathogen responsible for the death of over 1.5 million
people per year, making it the number one cause of death due to infectious disease and
the 13" leading cause of all deaths in the world(60). It's estimated that over 10.5 million
individuals become infected with Mtb every year, with the majority of these infections
occurring in sub-Saharan Africa and southeast Asia where funding for the prevention,
diagnosis, and treatment of TB is inadequate, and access to clinics is limited. The most
effective vaccine available, the Bacillus Calmette—Guérin (BCG) vaccine, is a live,
attenuated version of the closely related M. bovis that lacks a virulence factor necessary
for infection(61—63). However, this vaccine is ineffective in preventing pulmonary
tuberculosis in adults and cannot be used in patients that are clinically
immunosuppressed, and as such, plays a limited role in controlling tuberculosis
transmission. Treatment of drug-susceptible forms of the disease is prohibitive, costing
on average ~$20,000 USD and involving a 2-month regimen of the first line antibiotics
isoniazid, rifampin, pyrazinamide, and ethambutol, followed by 4-month regimen of
isoniazid and rifampin if the infection is improving(64, 65). The already extensive time
and resource cost of treatment further rises in the case of drug-resistant infections, with
the most extensively drug-resistant infections requiring decades of treatment that cost
hundreds of thousands of dollars and carry a low rate of success(66). Unfortunately,
drug resistance among Mtb isolates is rising due to ineffective antibiotic prescription,
non-compliance with the arduous and lengthy treatment plans, and mutation of bacterial

drug targets during infection(67, 68).



HOST-DIRECTED THERAPIES AS A NOVEL ANTI-TB THERAPEUTIC

STRATEGY

The increase in antibiotic resistant Mtb infections highlights the need for
alternative treatment options that employ novel mechanisms to target infections. An
emerging strategy in the fight against tuberculosis is host-directed therapy (HDT).
Unlike traditional anti-tuberculosis therapies that directly target the pathogen, HDTs aim
to bolster the existing host defenses to allow for better control of disease, either by
controlling harmful inflammation, or by better equipping host cells to eradicate the
infection. Many current anti-tuberculosis HDTs are targeted at controlling the hyper-
active inflammatory response that occurs during infection and is responsible for
disease. Promising progress has been made in the use of anti-inflammatory therapies
such as corticosteroids, phosphodiesterase inhibitors, or non-steroid cox-inhibitors to
systemically damped immune responses, leading to less severe disease(69-75).
Alternatively, vitamin D therapies have been shown to decrease bacterial burden by
amplifying certain inflammatory responses within infected animals, but clinical trials
using Vitamin D gave mixed results(76—80). While these therapies have potential to
help control TB, their non-specific and systemic effects make them unsuitable for large-
scale use; broadly anti-inflammatory drugs will permit increased Mtb growth and
susceptibility to co-infections, while generalized inflammation-amplifying strategies allow
for higher killing of the bacteria at the cost of the health of the patient. However, there
are a handful of more directed HDTSs that are being explored for use against TB.
Imatinib, an FDA approved ABL tyrosine kinase inhibitor for use against poxvirus, has

been shown to improve TB in mice through increased acidification of Mtb-containing



phagosomes(81, 82). Lipid metabolism has also been a target in HDT through the use
of statins, or mepenzolate bromide, molecules that reduce cholesterol levels and blocks
Mtb-driven lipid accumulation, respectively(83, 84). However, these compounds have
only been tested in mouse models, and further work is needed to identify their utility as
future therapies. The shortcomings of current and potential HDTs highlight the need to
uncover more specific and effective host-directed anti-TB therapies.

Creating therapies that specifically target Mtb infections requires a high level of
understanding of the events that occur during these infections, and the interactions
between host immune cells and bacteria throughout the course of disease.
Understanding these interactions will inform decisions regarding both which pathways
should be targeted, how they can be targeted, and at what point during infection

treatment is likely to be most effective.

PATHOGEN RECOGNITION AND INITIAL TRANSCRIPTIONAL

RESPONSES

To understand how Mtb evades the host immune response and establishes
infection, we must first explore the events and processes that take place during an
intact, effective host response to bacterial pathogens in the lung. The immune response
is initiated by contact and recognition of bacteria by patrolling phagocytes, typically
macrophages(85). These macrophages express pattern recognition receptors (PRRS)
that recognize and bind to bacteria-derived pathogen-associated molecular patters
(PAMPSs) or host cell-derived damage-associated molecular patterns (DAMPS)(86).

There are 4 classes of PRRs that each sense various PAMPs and DAMPs at different

10



locations within the cell. These are: toll-like receptors (TLRs), C-type lectin receptors
(CLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and
retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs)(87-91). TLRs are membrane
bound on the plasma membrane or in endosome and sense diverse ligands to activate
proinflammatory transcription factors AP-1, NFkB, or interferon response factors
(IRFs)(92—-99). CLRs are located on the plasma membrane, sense pathogen-derived
glycans and induce activation of the transcription factors NFkB, AP-1 and NFAT(100—
103). NLRs are located in the cytoplasm and sense various PAMPs to drive NFkB and
AP-1 activation as well as activation of numerous inflammasomes(104-108). RLRs are
located in the cytoplasm and sense viral RNA to drive type 1 interferon responses
through mitochondrial antiviral-signaling protein (MAVS). An important PRR that doesn’t
necessarily fall into any of the above-mentioned categories is cGAS, which is similar to
RLRs in that it senses cytosolic nucleic acids to induce type 1 interferon responses.
Unlike RLRs however the cGAS pathway senses DNA and activates STING through
cGAMP production, which drives interferon signaling(109-111). A relatively conserved
function of these PRRs is their ability to induce activation of the transcription factors
NFkB and AP-1(112-115). These transcription factors induce the production of
proinflammatory cytokines such as IL-1, TNFa, and IL-6. TNFa and IL-6 are functional
cytokines immediately following translation, but IL-1 is translated as an inactive
precursor that must be proteolytically cleaved to become active. In macrophages, this

enzymatic activation is achieved as a function of an inflammasome(116, 117).
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INFLAMMASOMES

Inflammasomes are cytosolic oligomers that proteolytically cleave precursor
cytokines into their mature forms for secretion in response to PRR activation(116, 118).
There are numerous canonical inflammasomes that sense and respond to various
stimuli, but they all share a similar 3-part structure. The first part is the sensor, which is
a PRR that varies between inflammasomes, detects specific ligands and initiates
inflammasome activation. Each sensor contains a pyrin domain (PYD), which functions
as a binding point for the second subunit, the apoptosis-associated speck-like protein
containing a CARD (ASC). ASC is the adapter protein which contains PYD and caspase
activation and recruitment domain (CARD) domains to facilitate oligomerization of the
sensor and recruitment and activation of the third functional subunit of the
inflammasome, caspase-1. Active caspase-1 cleaves pro-IL1, pro-IL18, and Gasdermin
D, resulting in pore formation in the plasma membrane and secretion of the mature
cytokines, often resulting in the pro-inflammatory form of programmed cell death,

pyroptosis(119, 120).

PATHOGEN UPTAKE, PHAGOSOME MATURATION AND ANTIGEN

PRESENTATION

In addition to initiating inflammatory signals through pathogen recognition,
phagocytosis of the pathogen is a major component of the macrophage’s response to
pathogenic bacteria. During CLR or opsonin-mediated recognition, the macrophages
use actin polymerization to reorganize the plasma membrane around the bacterium,

creating a phagocytic cup(121-124). The distal portions of the phagocytic cup then
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fuse, resulting in an intracellular, membrane-bound, bacteria-containing organelle called
the phagosome(125). The phagosome then undergoes a series of transformations and
fuses with early and late endosomes, resulting in toxification of the maturing
phagosome through vacuolar-ATPase mediated acidification, phagocyte oxidase-
mediated reactive oxygen species (ROS)-generation, and recruitment of cathepsins and
hydrolases(126—129). Finally, the late phagosome fuses with lysosomes to become the
highly anti-microbial phagolysosome. Lysosomes contain numerous acid-activated
hydrolytic enzymes that degrade the contents of the phagolysosome following
fusion(126, 130). The macrophage then loads the degraded microbial fragments onto
major histocompatibility complex 1l (MHCII) molecules, which are transported to the
exterior of the cell(131, 132). During this process, the macrophage travels through the
lymphatic system to a nearby draining lymph node, where it interacts with a vast array
of T cells. The extracellular MHCII on the macrophage surface then binds to CD4+T cell
receptors (TCRs) that are specific for the presented antigen(133-135). This interaction,
along with the interactions of PRR-induced costimulatory molecules and TCR-
associated cognate receptors, activate the T-cell(136—139). These pathogen-specific
activated CD4+T cells then polarize to the antibacterial Th1l subtype, rapidly proliferate,
and produce large amounts of IL-2 and IFNy(136, 140). IFNy activates surrounding
macrophages to further upregulate antimicrobial and antigen-presentation pathways
and has been shown to play an important role in protection to tuberculosis, as patients
with deficiencies in IFNy signaling are diagnosed with Mendelian Susceptibility to
Mycobacterial Disease (MSDM), and as the name suggests, are highly susceptible to

tuberculosis and nontubercular mycobacterial infections(141-148). IFNy is also
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produced by other cells, including innate lymphoid cells, which are present in the lung at
homeostasis, suggesting a potential role of IFNy during initial immune signaling as well

as during CD4+ T cell activation(149, 150).

THE BALANCE OF DISEASE RESISTANCE AND DISEASE TOLERANCE

The production of inflammatory cytokines and antimicrobial pathways such as
TNFa, IFNy, and ROS generation are all aimed at limiting bacterial burden. As such,
they are termed disease resistance mechanisms and were traditionally thought to be the
sole means of surviving disease. These resistance mechanisms come at a cost,
however, as they also damage the surrounding tissue. In fact, with some exception in
regards to persistent cough, hypersensitive immune reactions are likely responsible for
all symptoms of pulmonary tuberculosis infections, rather than toxins or effectors from
the bacteria itself(151-155). To counteract the tissue-destructive effects of disease
resistance responses and pathogen-mediated damage, the body also possesses
tolerance responses, which can be just as important as resistance mechanisms when
considering disease outcome. This two-pronged defense strategy, first observed in
plants, can be thought of as a balancing act by the immune system(156, 157). If
resistance mechanisms outweigh tolerance mechanisms, the resulting tissue damage
can result in poor prognosis, regardless of bacterial burden. Inversely, if tolerance
mechanisms play too large of a roll, antimicrobial responses will be muted, and the
infection will progress relatively unchecked, which is also detrimental to the host(158).
As resistance mechanisms have largely been the focus of susceptibility studies, work

uncovering/identifying tolerance mechanisms is lacking. Typically, these mechanisms
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can be dissected by both measuring disease state and pathogen burden
simultaneously: resistance mechanisms can be identified by a susceptibility
characterized by increased pathogen load, while tolerance mechanisms control disease
state with no change in pathogen load(159-161). To further complicate matters,
dissection of these two phenotypes can be complicated: loss of a gene or pathway of
interest may lead to increased bacterial burden; this could indicate that said gene is
involved in bacterial resistance and thus directly resulting in decreased bacterial killing,
or it could play a role in tolerance, and the increased bacterial burden is a result of the
bacteria taking advantage of extensive tissue necrosis. This dichotomy in disease
responses can inform strategies in discovering novel host-directed therapeutics;
combining knowledge of both the stage of infection during which the pathway of interest
is proposed to be a candidate for therapy and the mechanism by which said pathway
protects against disease can inform us about the likelihood of targeted therapy being
beneficial. Thus, to identify optimal pathways to target with host-directed therapies, we
must understand the immunological and pathological events surrounding infection with

Mtb and the progression of tuberculosis.

THE INFECTIOUS CYCLE OF TUBERCULOSIS

Tuberculosis primarily manifests as a multi-stage, dynamic, pulmonary
infection(162). The initial stage of infection, called active tuberculosis, is established
when an individual inhales airborne, Mtb-containing droplets. Once the bacterium is in
the lung, it is recognized by PRRs on the surface of the tissue-resident lung

macrophage population, alveolar macrophages (AMs) and is phagocytosed(163-171).
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Thus, the battle between AM and Mtb begins. This process, while not fully understood in
AMs, is well characterized from both the host and pathogen perspective in bone
marrow-derived macrophages (BMDMs) due to its relative simplicity compared to later
stages of infection.

Mtb possesses an arsenal of virulence factors that arrest phagosome maturation
and subsequently inhibit phagolysosome fusion while blocking macrophage anti-
bacterial responses. One of the most studied, ESX-1, is a type 7 secretion systems
(T7SS), which is a specialized class of secretion systems unique to mycobacteria and
limited gram-positive bacteria(172, 173). ESX-1 effectors cause phagosome membrane
damage, resulting in secretion of bacterial effectors into the cytosol and are essential for
Mtb virulence(172). ESX-1 secreted factors are responsible for the induction of type-1
IFNSs, either through direct secretion of Mtb DNA or ESX-1 mediated mitochondrial
damage, which are typically activated in response to cytosolic DNA, a common
occurrence during viral infections(174, 175). This decoy anti-viral response inhibits
cellular IFNy-mediated antibacterial responses and allows for persistence within the
macrophage(174). Additionally, secreted factors from ESX-3, another virulence-
associated T7SS, specifically block action of ESCRT machinery, therefore inhibiting
phagolysosome fusion(176, 177). Many of the complex mycolic acids and lipid moieties
on the surface of Mtb also are sensed by the toll like receptor TLR2, which induces
production of the anti-inflammatory cytokine IL-10 and inhibits MHCII production, further
suppressing macrophage activation and antigen presentation(178, 179).

These immune-evasion mechanisms, among many others, allow the bacteria to

reside and replicate within the immunologically silenced macrophage for up to 2 weeks.
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During this replication period, the bacteria secrete factors through ESX-1 that induce
translocation of the infected macrophage from the alveolar lumen into the lung
interstitium, leading to the recruitment of local immune populations to the infected AMs
which form an early cellular aggregate and mark the initiation of the adaptive immune
response to infection(163, 180). This immune response is characterized by the
formation of the highly structured and dynamic granuloma that is visible by chest
radiograph and is characteristic of Mtb infection(181, 182).

Infected patients can have many granulomas during an infection, each of which
likely arise from a single bacterium and are structurally unique, with some common
characteristics(183, 184). The center of the granuloma is a highly inflammatory necrotic
core, which is composed of infected macrophages and multi-nucleated giant cells.
Surrounding this inner layer are uninfected phagocytes such as foam cells, neutrophils,
macrophages, and dendritic cells. The outer layer of the granuloma is comprised of
recruited lymphocytes and serves an anti-inflammatory role, protecting the surrounding
tissue from the inflammatory center(184). The purpose of the granuloma is two-fold: the
necrotic center aims to sterilize the infection by killing the bacteria, but if that is
unsuccessful, the surrounding cells function to physically wall off the infection and
prevent it from disseminating. The latter function is the most important, however, as Mtb
survives within the center of the granuloma by entering a dormant, non-replicative state
that renders it resistant to the antibacterial mechanisms that the immune system
employs (and many antibiotics)(185-189).

An effective immune response contains the infection within these granulomas for

decades, surrounding them with fibrotic scar tissue to “heal” them. This is considered
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the latent stage of infection and is asymptomatic. The majority of patients remain at this
stage for the duration of their lives. However, patients that are immunocompromised or
immunosuppressed may never resolve the infection and healthy patients that are
latently infected but become immunosuppressed may eventually progress to the
reactivation stage of infection(190-195). During this stage, cellular immunity within the
granuloma fails, and Mtb comes out of dormancy and begins replicating again, resulting
in a renewed inflammatory response that results in cavitation of the granuloma into
either the airways or circulatory system(196—-199). Granulomas that cavitate into the
airways cause coughing, a phenomenon that may in part be mediated by neurologically
active Mtb secreted factors, and the production of Mtb-laden droplets that are
infectious(155). Granulomas that cavitate into circulatory system lead to dissemination

of the disease, and can result in infection of virtually any organ(200-202).

WHEN, WHERE AND HOW TO FOCUS ANTI-TB HOST-DIRECTED

THERAPY EFFORTS

The dynamic and complicated course of events that occur during Mtb infection
results in numerous guestions to be answered when exploring strategies for uncovering
targets for potential anti-TB HDTs. The physical inaccessibility and non-replicative
dormancy of Mtb during latent infection, and the already-severe disease and immune
exhaustion that is present during the reactivation stage of infection suggest that
targeting latent or reactivated infections for host-directed therapy would be highly
complicated and have a low chance success(185, 187, 199). However, given the

immune potential of uninfected or recently infected individuals, the relative simplicity
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from a cell-population standpoint during early infection, and how little is known
regarding the AM-specific interactions with Mtb, the initial stages of infection are an
attractive target for the development of novel, host-directed therapies(17, 163, 203). If
we can use genetic manipulation and genetic interaction studies to understand the
inflammatory networks involved in protection during Mtb infection and why AMs are
unable to control Mtb growth following initial exposure, we will be better able to target

deficient anti-microbial pathways for therapy.

DISSERTATION DIRECTION AND OVERVIEW

In this dissertation, | seek to fill a gap in knowledge regarding alveolar
macrophages and the genetic immune networks that control protection during Mtb
infection, so that we may better prevent and eliminate pulmonary TB infections by
identifying potential targets for host-directed therapy.

To begin this work, | investigate the previously described ex vivo alveolar
macrophage like cell model alveolar macrophage biology and regulation of AM
inflammatory pathways both during and independent of Mtb infection. | discover that the
cytokine TGF is required to fully develop and maintain fetal-liver derived macrophages
into AM-like cells during ex vivo culture. | then employ this model in a previously
impossible manner by using CRISPR-Cas9 genetic editing to dissect cytokine
responses to the environmental toxin crystalline silica and employ a forward genetic
screen to identify genetic pathways that are necessary for the surface expression of an

AM-specific surface protein.
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| then sought to further understand the impact of TGF@ on the inflammatory
profiles of these ex vivo AM-like cells. Whole-transcriptome sequencing and cytokine
secretion analysis highlight global changes in metabolic and inflammatory pathways in
cells that have been cultured in TGF3. We use synthetic TLR agonists to uncover
alternative signaling through TLR2 and results in a muted global inflammatory response,
with the exception of IFN[3, which is exacerbated and is known to be detrimental during
pulmonary TB infection. We again use genetic studies to dissect the mechanisms
behind this increased IFN production and discover that it occurs through a novel
TLR2/MAVS signaling axis, further highlighting the unique inflammatory regulation of
AMs.

To finish, | expound on previous work that identified a protective role of the
NADPH phagocyte oxidase during Mtb infection. Loss of this phagocyte oxidase was
shown to result in uncontrolled inflammasome and Caspase-1 activation and IL-1f3
production, resulting in a loss in disease tolerance and susceptibility to infection,
independent of bacterial burden. We explore this interaction between the phagocyte
oxidase and Caspasel by characterizing Mtb infection in cells and lacking both
components, and uncover a novel synthetic lethal genetic interaction characterized by
aberrant cytokine production, increased bacterial burden, and hyper-susceptibility of

infected mice to TB.
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ABSTRACT

Alveolar macrophages (AMs) are tissue resident cells in the lungs derived from
the fetal liver that maintain lung homeostasis and respond to inhaled stimuli. While the
importance of AMs is undisputed, they remain refractory to standard experimental
approaches and high-throughput functional genetics as they are challenging to isolate
and rapidly lose AM properties in standard culture. This limitation hinders our
understanding of key regulatory mechanisms that control AM maintenance and function.
Here, we describe the development of a new model, fetal liver-derived alveolar-like
macrophages (FLAMs), which maintains cellular morphologies, expression profiles, and
functional mechanisms similar to murine AMs. FLAMs combine treatment with two key
cytokines for AM maintenance, GM-CSF and TGFf. We leveraged the long-term
stability of FLAMs to develop functional genetic tools using CRISPR-Cas9-mediated
gene editing. Targeted editing confirmed the role of AM-specific gene Marco and the IL-
1 receptor 111r1 in modulating the AM response to crystalline silica. Furthermore, a
genome-wide knockout library using FLAMs identified novel genes required for surface
expression of the AM marker Siglec-F, most notably those related to the peroxisome.
Taken together, our results suggest that FLAMs are a stable, self-replicating model of
AM function that enables previously impossible global genetic approaches to define the

underlying mechanisms of AM maintenance and function.

INTRODUCTION

Tissue resident immune cells regulate homeostasis and control local

inflammation to external stimuli. A subset of these immune cells are tissue resident
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macrophages (TRMs) that sample the environment and initiate host responses (1).
Distinct TRM populations exist in specific tissues including the liver (Kupffer cells), the
skin (Langerhans cells), the brain (microglia), and the lungs (alveolar macrophages
[AMs]). These distinct TRMs all have unique functions that are regulated by the local
environment and are required for tissue maintenance (2, 3).

As the first line of defense in the airways, AMs are particularly important for
tuning the host immune response in the lungs (4). AMs can be distinguished from other
macrophage populations in the lung by the surface expression of the sialic acid receptor
Siglec-F, the scavenger receptor MARCO, and the integrin CD11c in addition to the
high expression and activity of the transcription factor PPARg, which drives many AM-
specific genes (5, 6). AMs are a long-lived and self-replicating and, like most TRMs, are
derived from embryonic precursors (7). AMs arise from fetal liver monocytes, which
migrate to the lung and develop into mature AMs in the presence of cytokines such as
GM-CSF and TGFp shortly after birth (8—10). The continued presence of these factors
is necessary for the maintenance and self-renewal of AMs in the lung, in part by
promoting expression and activation of PPARg (10, 11). Genes and pathways induced
by this receptor are involved in lipid metabolism and induction of scavenger receptors
that promote phagocytosis (12). This is critical for the AM roles of maintaining surfactant
homeostasis, efferocytosis of cellular debris, and phagocytosis of inhaled microbes and
particles in the alveolar space (12, 13). Impaired clearance of surfactant by AMs can
result in the pathophysiological condition known as pulmonary alveolar proteinosis

(PAP) (14). In addition, reduced AM efferocytosis and phagocytosis has been observed
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in patients with asthma, COPD, and cystic fibrosis, likely contributing to the sustained
inflammation and susceptibility to infection observed in these diseases (15-19).

Despite the paramount importance of AMs for lung health, there continue to be
key gaps in our understanding of how they are maintained and function to regulate the
host response in the lungs. One hurdle towards a mechanistic understanding of AMs is
that experiments employing primary AMs require large numbers of animals to isolate a
small number of cells that do not robustly proliferate or maintain AM-like functions ex
vivo (20). This limitation has prevented genetic approaches from being employed to
better understand AM maintenance and function. As a result, many ex vivo studies
investigating responses to airborne particles and microbes rely on bone-marrow derived
macrophages (BMDMs) or transformed macrophage cell lines as surrogates of AM
biology (21-23). While these macrophage models are useful, they do not faithfully
recapitulate all AM functions (24—26). A recent alternative approach cultured cells from
the murine fetal liver in the presence of GM-CSF to generate AM-like cells that are
functionally and phenotypically like AMs (25). This approach enabled the isolation of
large numbers of AM-like cells that might be amenable to tractable genetic approaches.
However, we found here that fetal liver-derived cells cultured in GM-CSF alone lost their
AM-like morphology, phenotype, and surface marker expression over time, suggesting
that GM-CSF is insufficient to maintain the AM-like phenotype. A recent study found that
AMs could be continuously cultured ex vivo in the presence of GM-CSF and TGF (27),
which is consistent with reports that TGF3 promotes AM development and maintains

AM function both in vivo and ex vivo (10).
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Here, we found that growing fetal liver cells in both GM-CSF and TGFf results in
a long-term stable population of cells that are phenotypically and functionally similar to
AMs. Using these fetal liver-derived alveolar-like macrophages (FLAMs), we developed
targeted and global genetic tools to dissect regulatory networks that are required to
maintain AM-like cells and function. Employing targeted gene-editing, we show here
that directed mutations are readily introduced in FLAMs to query specific AM functions.
We further demonstrate the utility of FLAMs by using genome-wide CRISPR-Cas9
knockout screen to identify genes that are required for the surface expression of the
AM-specific marker Siglec-F. The screen identified key pathways used to maintain
Siglec-F expression and the AM-like state including the observation that peroxisome
biogenesis plays a central role in maintaining AM functions. Together our results show
that FLAMs enable the global dissection of AM regulatory mechanisms at a previously

impossible scale.

RESULTS

Fetal liver-derived cells and AMs cultured in GM-CSF alone do not stably express
lineage-specific markers over time.

The development of a genetically tractable AM ex vivo model requires a stable
population that maintains AM-like phenotypes and functions long-term. As a first step,
we examined the long-term stability of AM-like cells using a previously described
method culturing fetal liver derived cells in the cytokine GM-CSF (25). Consistent with
previous reports, we found that fetal liver cells grown in GM-CSF phenotypically and

morphologically resemble AMs (25, 28, 29). Fetal liver cells grown for 2 weeks ex vivo
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in the presence of GM-CSF adopt a distinct fried-egg-like morphology akin to AMs
(Figure 2.1A). Scanning electron microscopy revealed that the surfaces of both AM and
low passage fetal liver cells (<1 month of culture) have numerous outer membrane
ruffles (Figure 2.1B). However, high passage fetal liver cells (>1 month of culture)
underwent a morphological shift from an AM-like, ovoid morphology with numerous
outer plasma membrane ruffles, to a smaller, fusiform morphology with loss of
membrane ruffles (Figure 2.1A and 2.1B). Thus, in our hands, the morphology of fetal
liver derived cells grown in recombinant GM-CSF are not stable long-term.

We further examined whether changes in surface markers or gene expression
varied as fetal liver cells were cultured over time. Using flow cytometry, we found
similarity between AMs and low passage fetal liver cells with high surface expression of
Siglec-F and CD11c and low expression of CD14. However, high passage fetal liver
cells showed low expression of SiglecF and CD11c, while expressing high levels of
CD14 (Figure 2.1C). Similarly, when we quantified gene expression, we observed that
low passage fetal liver cells and AMs express high levels of Pparg, Car4, ll1a and
Fabp4 (a transcriptional target of PPARg) and low levels of CD14, while high passage
fetal liver cells expressed very low levels of the AM-associated transcripts but high
levels of CD14 (Figure 2.1D). We observed similar results with AMs isolated from the
lungs (Figure S1A and B). To exclude the possibility of contaminating cells
outcompeting the alveolar-like cells over long-term culture we used fluorescence
activated cell sorting (FACS) to isolate a pure Siglec-F positive population of cells that
were then cultured in GM-CSF media. We continued to observe a decline in Siglec-F

and CD11c in these cells (Figure S1C). Together these data suggest that prolonged
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culture of fetal liver-derived cells in GM-CSF media results in a decline in AM-like

properties.

Fetal liver-derived cells grown in GM-CSF and TGF-B are phenotypically similar to
AMs long-term.

We next pursued strategies to improve the stability of AM-specific phenotypes of
fetal liver- derived cells grown ex vivo. Based on a prior report that the cytokine TGFp is
critical to AM development and homeostasis (10), we hypothesized that the addition of
TGFR to our culture system would maintain cells in an AM-like state. We first tested
whether the addition of TFGb alters the expression of AM-associated genes. Fetal liver
cells in GM-CSF media were treated for 24 hours with 10 ng/mL TGFf, which we found
induced the genes Pparg, Car4 a transcriptional target of PPAR-y, and Itgax (Figure
S2A), all of which are highly expressed by AMs (Figure 2.1D). We next examined if
continued supplementation with TGFf3 stabilizes the AM-like phenotypes of fetal liver
cells long-term. Fetal liver-derived cells were cultured in GM-CSF media or GM-CSF
media containing 20 ng/mL TGF. After 15 passages (approximately 2 months of
culturing), cells grown in the presence of TGF retained a round, AM-like morphology
(Figure 2.2A) and continued expressing AM-identifying genes (Figure 2.2B).
Conversely, fetal liver-derived cells cultured without TGFf lost the expression of AM-
identifying genes Siglecf, Marco and Pparg and began expressing Cd14, which is a
common marker for monocyte-derived macrophages recruited to the lung (30) (Figure

2.2B).
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We next determined if fetal liver-derived cells grown in the absence of TGFf
would revert to the AM-like state upon the addition of TGF(. Fetal liver cells grown in
the absence of TGF@ were cultured with and without TGFf3 for 6 days and the
expression of Siglec-F and CD14 was quantified by flow cytometry (Figure S2B). In
parallel, fetal liver cells maintained in TGF[3 were cultured for six days in the presence
or absence of TGFf. We observed that while the removal of TGFf resulted in a
significant decrease in Siglec-F and an increase in CD14, there was no change in
expression upon the addition of TGF( to fetal liver cells that previously lost AM-like
marker expression. When we examined the gene expression of Tgf31 and the TGFf
receptors, TgfBrl and TgfBr2 we observed a significant decrease in expression of the
TgfB1 (Figure 2.2B, Figure S2C). These data suggest that the loss of AM-like potential
of fetal liver cells grown in the absence of TGFf is not reversible.

We next quantified changes in the surface expression of Siglec-F and CD14 by
flow cytometry in the fetal liver-derived cells grown in the presence and absence of
TGFB. Consistent with our gene expression analysis we observed that fetal liver-derived
cells lose the expression of Siglec-F and gain the expression of CD14 over time (Figure
2.2C and 2D). In contrast, fetal liver-derived cells grown with TGF maintained over
80% of cells with high levels of Siglec-F expression and low levels of CD14. Thus,
culturing fetal-liver cells in both GM-CSF and TGF@ results in the stable gene

expression of self-replicating cells that phenotypically resemble AMs.

48



Fetal liver-derived cells grown in GM-CSF and TGF-B are functionally similar to
AMs in response to cSiOzrelative to phagocytosis, IL-1 cytokine release, and
death.

To assess the functional similarity of fetal liver-derived cells grown in TGF[3 with
AMs, we assessed the response of cells to crystalline silica (cSiO2), a respirable particle
associated with silicosis and autoimmunity (31, 32). Cells were exposed to various
concentrations of cSiO2 for 8 hours. SYTOX Green, a membrane impermeable nucleic
acid stain, was included to assess lytic cell death. AMs and low passage fetal liver-
derived cells grown with and without TGF3 showed similar rates of cSiO2 engulfment
and cell death (Figure 2.3A). However, late passage fetal liver-derived cells without
TGFB exhibited poor phagocytosis, and as a result, tolerated the presence of cSiO>
without inducing cell death. This unresponsiveness is prevented by TGFf, as late
passage fetal liver-derived cells effectively phagocytosed cSiO2 (Figure 2.3A and
2.3B). Rates of phagocytosis by BMDMs were comparable to AMs but were
accompanied by a two-fold increase in cell death. Thus, fetal liver-derived cells grown in
TGFB and GM-CSF are functionally stable long-term and recapitulate phagocytosis and
cell death kinetics similarly to AMs.

IL-1a is associated with the inflammatory response to particle-induced
inflammation. In vivo and ex vivo studies suggest AMs are the primary source of IL-1a in
the lung following inhalation of cSiOz, likely as a result of cell death (33, 34). Initial
characterizations of fetal liver-derived cells grown in GM-CSF (35) showed they respond
to LPS like AMs by producing high levels of IL-1a and low levels of IL-10 in contrast

BMDMs that make little IL-1a. We replicated these experiments and observed similar
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results with low passage fetal liver-derived cells producing high levels of IL-1a and low
levels of IL-10 in response to LPS (Figure S2D). We next tested how the IL-1a
response to cSiO:2 differed over-time in fetal liver-derived cells grown in the presence
and absence of TGF3. We found that high levels of IL-1a were released both low and
high passage fetal liver-derived cells grown in both GM-CSF and TGF following cSiO2
exposure for 8 hours, similar to AMs (Figure 2.3C). In contrast, we observed that cSiO2
induced IL-1a release from low passage fetal liver-derived cells grown in GM-CSF alone
but not late passage cells. Late passage cells grown in GM-CSF alone instead
phenocopied BMDMs and released no detectable IL-1a following cSiO2 exposure.
Release of IL-18 in these cells may be indicative of inflammasome activation, which is a
major mechanism of AM toxicity following exposure to cSiO2. We found cSiO2 exposure
to elicit modest IL-13 release from low passage fetal liver-derived cells grown without
TGF, and from both low and high passage fetal liver-derived cells grown with TGF(.
We further observed a slight, though not significant, increase in IL-1B release in AMs
following cSiO2 exposure (Figure 2.3C). cSiOz-induced IL-1f3 release was not evident
from BMDMs or late MPI cells. Taken together, these experiments show that growth of
fetal-liver cells in both GM-CSF and TGFJ recapitulates many aspects of AM physiology
and function as stable, long-term, self-propagating cells. We call these cells Fetal Liver-

derived Alveolar_Macrophages (FLAMS).
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CRISPR-Cas9 editing in FLAMs enables disruption of AM-specific responses to
cSiO2.

A significant hinderance in the study of AMs is their intractability to standard
genetic approaches. This shortcoming has limited the understanding of pathways and
regulators that control AM maintenance and function. We hypothesized that FLAMs
could be leveraged to dissect AM functional mechanisms. To test this hypothesis we
developed CRISPR-Cas9 mediated gene-editing tools by generating FLAMs from
Cas9+ mice (36, 37). Using these cells, we targeted Marco and Il1rl, two genes
associated with phagocytosis and inflammatory responses to cSiO2 in AMs (38, 39).
Each gene was targeted using two independent sgRNAs per gene by lentiviral
transduction. Following selection of successfully transduced cells, we evaluated the
editing efficiency of each target genes using Tracking of Indels by DEcomposition
(TIDE) analysis. We observed robust editing for both sgRNAs with at least one sgRNA
per gene reaching over 95% editing efficiency (see methods). Thus, FLAMs are
amenable to genetic targeting by CRISPR-Cas9.

Given the scavenger receptor MARCO has been shown to be involved in cSiO2
uptake and toxicity while IL1R1 is known to amplify inflammatory cues, we hypothesized
that cells deficient in MARCO and IL1R1 expression would have a reduced
inflammatory response to cSiO2 (38, 40). We therefore tested whether FLAMs targeted
for Marco or 111r1 would differentially respond to cSiO2 exposure compared to wild-type.
We exposed control FLAMs and sgMarco or sgll1rl FLAMs to two different cSiO2
concentrations and quantified cell death. While we observed no change in cell death in

sglllrl FLAMs compared to control FLAMS, a significant reduction in cell death in
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sgMarco FLAMs was observed following high cSiO2 exposure (Figure 2.4A). We next

examined the production of IL1 following exposure of cells to ¢cSiO2. We found reduced
cSiO2-induced IL-1a and IL-1B production by sgMarco and sgll1lrl FLAMs compared to
control FLAMs (Figure 2.4B and 2.4C). Therefore, FLAMs are genetically tractable and

can be used to dissect AM-specific functions.

Forward genetic screen in FLAMs identifies regulators of the AM surface marker
Siglec-F.

The genetic tractability of FLAMs opens the possibility of performing forward
genetic screens in an AM context, which was previously unviable. We recently
developed a screening platform in immortalized bone marrow macrophages (iBMDMs)
that uses cell sorting of CRISPR-Cas9 targeted cells to enrich for genes that positively
or negatively regulate the surface expression of important immune molecules (41). We
hypothesized this screening pipeline could be leveraged to dissect pathways
responsible for the unique expression profiles seen in AMs and FLAMs. As a first step
to test this hypothesis, we dissected the changes in the surface expression of Siglec-F
when targeted using CRISPR-Cas9. Among macrophages, Siglec-F is uniquely
expressed on the surface of AMs, yet how Siglec-F is regulated remains entirely
unknown. Given that Siglec-F expression is lost as cells lose their AM-like phenotypes,
globally understanding Siglec-F regulation in FLAMs may inform key gene networks in
AMs. To test the dynamic range of Siglec-F expression on FLAMs, we targeted Siglec-F
with two independent sgRNAs in both Cas9* FLAMs and iBMDMs. Again, extensive

editing for both sgRNAs was observed with one sgRNA reaching over 99% editing
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efficiency. As expected, control iBMDMs showed no surface Siglec-F expression and
targeting Siglec-F showed no observable change by flow cytometry (Figure 2.5A). In
contrast, we observed robust Siglec-F expression on control FLAMs while sgSiglecF
FLAMs showed a greater than 100-fold reduction in MFI (Figure 2.5B). This dynamic
range is comparable to other surface markers we previously screened in iIBMDMSs,
suggesting that Siglec-F is an ideal target for a genetic screen in FLAMs (41).

To globally identify genes that contribute to Siglec-F surface expression on
FLAMs, we generated a genome-wide knockout library. FLAMs from Cas9* mice were
transduced with sgRNAs from the pooled Brie library (42) which contains 4 independent
SgRNAs per mouse coding gene. In parallel to the library, we grew control Cas9* fetal
liver cells with GM-CSF alone to monitor the loss of Siglec-F expression in the absence
of TGF signaling (Figure 2.5C and 5D). When control cells lost Siglec-F expression,
genomic DNA from the FLAMs knockout library was purified and the sgRNAs were
guantified by deep sequencing. The library coverage was confirmed to have minimal
skew. We then conducted a forward genetic screen using FACS to isolate the Siglec-
Fhigh and Siglec-F°" cells from the loss-of-function FLAM library (Figure 2.5C).
Following genomic DNA extraction, SgRNA abundances for each sorted population
were determined by deep sequencing. To test for statistical enrichment of sgRNAs and
genes, we used the modified robust rank algorithm (a-RRA) employed by Model-based
Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK). MAGeCK first ranks
SgRNAs by effect and then filters low ranking SgRNAs to improve gene significance
testing (43). To identify genes that are required for Siglec-F expression we compared

the enrichment of sgRNAs in the Siglec-F°" population to the Siglec-F"" population.
g
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The a-RRA analysis identified over 300 genes with a p-value <0.01 and the second
ranked gene in this analysis was the target of the screen Siglec-F (Figure 2.5E and
Table S1). Guide-level analysis showed agreement with all four sgRNAs targeting
Siglec-F, with each showing a ten-fold enrichment in the Siglec-F'°* population (Figure
2.5F and Table S1). The high ranking of Siglec-F gives high confidence in genome-
wide screen results.

Stringent analysis revealed an enrichment of genes with no previously described
role in Siglec-F regulation including the TGF response regulator USP9x (44) (Figure
2.6A). To identify pathways that were associated among these genes, we filtered the
ranked list to include genes that had a fold change of >4 with at least 2 out of 4 sgRNAs
and used DAVID analysis to identify pathways and functions that were enriched in our
datasets. The top enriched KEGG pathway was the peroxisome, with all core
components of peroxisome biogenesis identified as positive regulators of Siglec-F
(Figure 2.6B). We further examined other peroxisome-associated (PEX) genes and
found that 11 out of 15 PEX genes present in our library were altered greater than two-
fold (Figure 2.6C). KEGG pathway analysis identified a significant enrichment in genes
associated with lipid metabolism, including glycerophospholipid, inositol phosphate, and
ether lipids. KEGG analysis also found an enrichment of the phagosome pathway which
identified several surface receptors associated with phagocytosis in this pathway,
including the 1gG Fc Receptor 4, the mannose-6-phosphate receptor, and the oxidized
low-density lipoprotein receptor, suggesting surface proteins associated with
phagocytosis directly modulate the stability of Siglec-F (Figure 2.6D). Examination of

enriched UniProt keyword terms using DAVID analysis found a strong enrichment of
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proteins with oxidoreductase function including several genes associated with
cytochromes P450 (CYP), a key regulator of xenobiotic, fatty acid, and hormone
metabolism, known to be important in the lung environment (45). Thus, bioinformatic
analysis of the top positive regulators of Siglec-F identified pathways that are
associated with AM functions.

We next used gene set enrichment analysis (GSEA) to identify functional
enrichments from the entire ranked screen dataset. GSEA identified the peroxisome as
a top enriched KEGG pathway consistent with the DAVID analysis (Figure 2.6E). This
analysis also identified a strong enrichment for oxidative phosphorylation, which is
consistent with the key metabolic changes in AMs compared to BMDMs (46), and a
significant enrichment for GPI anchor synthesis as negative regulators of Siglec-F
surface expression (Figure 2.6E). We also noted that mTORC1 signaling was enriched
as a negative regulator, in line with previous reports that mTORCL is required to
maintain AMs in the lungs (47). Taken together, our forward genetic screen not only
identified Siglec-F,the screen target, but also identified positive and negative regulators
of Siglec-F expression that are associated with known AM-functions as well as novel
AM regulators. Thus, FLAMs are a tractable genetic platform that enables the detailed

interrogation of AM regulatory functions and mechanisms.

DISCUSSION

As long-lived resident macrophages in the lungs, AMs have unique phenotypes
and functions shaped by the alveolar environment (48). However, experimental

limitations hinder our understanding of AM-specific functional mechanisms. Developing
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ex vivo models that recapitulate AM phenotypes would overcome the challenges
associated with isolating and maintaining AMs from the lungs of mice. Since AMs are
derived from fetal liver monocytes, previous studies tested the culture of fetal liver cells
with GM-CSF (49). These culture conditions result in self-replicating AM-like cells, but in
our hands, the AM-like phenotype was not stable long-term. While low passage fetal
liver cells grown in GM-CSF are useful for some experimental approaches, the
instability of the AM phenotype precludes functional genetic studies (50, 51). To
stabilize the AM-like phenotype of fetal liver-derived cells we supplemented the growth
media with TGFf3, a key cytokine for AM maintenance in the lungs, in a model we term
FLAMs (10). Here we showed that FLAMs recapitulate many aspects of AM biology, are
stable long-term, and are genetically tractable, making them a useful tool to dissect the
regulation of AM maintenance and function.

We demonstrated that that even after one month of culture ' FLAMs efficiently
phagocytose cSiO:2 particles, produce inflammatory cytokines like IL-1a, and die
similarly to AMs. Our results are consistent with two recent reports that examined how
TGFB modulates macrophages ex vivo (10, 50, 51). These reports showed that TGF(3
can induce/maintain AM-like phenotypes ex vivo using AMs directly from the lungs of
mice or purified cells from the bone-marrow. Future studies will be needed to directly
compare how distinct sources of AM-like cells grown in GM-CSF and TGF( are
functionally similar or distinct. There are other key differences in these approaches
beyond the source of cells, including the use of the PPARg agonist rosiglitazone. Our
data strongly suggest that fetal liver cells do not require rosiglitazone to maintain

PPARg activity. Another advantage of FLAMs is the low cost, low technology threshold
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and high yield of cells that can be isolated from any genetically modified mouse,
including mice with embryonic lethality. Another key advantage of FLAMs is genetic
toolbox that we have developed here. Using targeted gene-editing we showed that
directed mutations can be easily generated in FLAMs to probe specific AM functions.
Furthermore, we generated a genome-wide knockout library in FLAMs and completed
the first forward genetic screen in AM-like cells. This proof-of-concept genome-wide
screen in FLAMs now enables our innovative tools to be broadly used to understand AM
biology in previously impossible detail. Thus, FLAMSs recapitulate ex vivo AMs even
after extended culturing and are suitable for dissecting AM responses and regulation.

How AMs control their functional responses and how this differs from other
macrophage populations remains unclear. Here we observed both phenotypic and
functional differences among AMs, FLAMs, and BMDMs in line with previous studies
(25, 28, 29). While BMDMs express high levels of CD14, AMs and FLAMs express high
levels of Siglec-F and MARCO. When cells were exposed to cSiO2, we observed
differences in cell death kinetics and IL-1 cytokine responses. Though BMDMs were
able to engulf cSiO2 particles at a rate comparable to AMs and FLAMs, they quickly
succumbed to cell death, while AMs and FLAMs remained viable many hours following
cSiO2 phagocytosis. A delay in cell death may be important for appropriate clearance of
particles, potentially allowing the AMs to be transported out of the alveoli before they die
(52). AMs and AM-like cells also released significantly more IL-1a and IL-1( than
BMDMs in response to cSiO2. These data are consistent with studies showing high
levels of IL-1a produced by AMs compared to other cells in the lung and other

macrophage sub-types (25, 28, 33, 34, 49) and the known role of cSiOz in inducing IL-
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18 release (39). Our findings indicate that MARCO may be a key player in driving the IL-
1 cytokine response in AMs as MARCO-deficient FLAMs showed increased viability and
decreased IL-1 production following cSiO2 exposure. These results are in line with
previous studies implicating MARCO in the uptake of cSiO2 and other particles in AMs
(40, 53). In the future, FLAMs will be used to dissect the underlying mechanisms of
MARCO regulation to understand how MARCO drives distinct inflammatory responses
following phagocytosis of cSiO2 and other pathogenic cargo. Knocking out the IL-1
receptor also reduced IL-1 cytokine release, which points to a feed-forward mechanism
to amplify this inflammatory response in AMs.

In addition to MARCO, AMs express other markers that are used to define AM
populations. However, the regulation of these other AM markers, like Siglec-F, remains
entirely unknown. Siglec-F is a surface-expressed immunoglobulin protein that binds
sialic acid residues on glycolipids and glycoproteins, but its function in AMs is largely
unknown. In addition to AMs, Siglec-F is expressed on eosinophils, where it limits
inflammation by modulating cell death pathways (54). The only studies examining
Siglec-F in AMs demonstrated that Siglec-F does not regulate phagocytic activity (55).
Our forward genetic screen in FLAMs defined regulators of Siglec-F surface expression
and uncovered hundreds of candidate genes that may contribute to Siglec-F
expression. Our results not only identified Siglec-F as the second ranked candidate, but
we identified other genes that likely modulate Siglec-F expression or trafficking. These
genes include transcription factors like Fos and NFkB2 and surface receptors like
M6PR. Our screen candidates are likely to include both direct regulators of Siglec-F

expression and indirect regulators that maintain the AM-like state. In support of this
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prediction, we identified USP9x, a known regulator of TGFf signaling as a strong
positive regulator of Siglec-F expression (44). In addition, we identified the enrichment
of functional pathways previously associated with AM function including the peroxisome,
lipid metabolism, oxidative phosphorylation and CYP. Given the previous links among
PPAR transcription factors, peroxisome biogenesis, and lipid metabolism, our data
strongly suggest FLAMs recapitulate the metabolic makeup of AMs which is central to
their gene regulation (12, 46, 56). In further relation to the metabolic state of FLAMs, we
identified several CYP family members among our top candidates which regulate
vitamin A and all-trans retinoic acid, known modulators of AM function (57, 58). Based
on these findings, we posit that PPARg expression drives lipid metabolism to induce the
AM-specific transcriptional profile, resulting in Siglec-F expression. Future studies will
be centered on testing this model and deeply validating the genetic screen to uncover
novel regulatory mechanisms in FLAMs.

FLAMs are a promising model to study AM biology, yet some limitations remain.
While FLAMs maintain many AM-like phenotypes long-term, we observed variable
expression of the AM marker CD11c over time. This suggests that there are other
signals in addition to GM-CSF and TGFf that are needed to fully recapitulate AM
functionality ex vivo. The alveolar space is a highly complex microenvironment, with
constant crosstalk between AMs and other cells (48). For example, our data show that
FLAMs express TGF(3, yet this is not sufficient to maintain AM-like functions and
continued TgfBrl and TgfBr2 expression. Given TGFf is known to amplify TgfBrl and
TgfBr2 this suggests that the TGFB produced by FLAMs is not biologically active. In

vivo, latent TGFf released by AMs is activated by a-V-b-6 integrins expressed on the
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type Il alveolar epithelial cells (AECII), resulting in increased levels of the active protein
which can signal in an autocrine manner to maintain the unique phenotype of AMs (59).
This feed-forward loop is absent ex vivo, which may explain why addition of exogenous
active TGFf prevents the loss of the AM-like phenotype in FLAMs. Other signals
provided by AECII cells and others such as lung-resident basophils likely regulate AM
maintenance, but these signals are not modeled in our system (60). In the future the
potential to combine the genetic tractability of FLAMs with in vivo transfer models may
enable detailed dissection of this cross-regulation systematically. Intranasal transfer of
TGFB-cultured AMs was recently shown to repopulate the alveolar space. It will be
important to test if FLAMs could be similarly instilled into lungs lacking endogenous
AMs, enabling rapid in vivo studies to better understand AM-maintenance within the
lung environment (27).

In summary, we developed FLAMS, a stable ex vivo model that can be used to
study lung development, immunology, and toxicology. FLAMs are likely to shed new
light on processes unique to AMs, like phagocytosis, efferocytosis and the removal of
inhaled particles, by employing targeted or genome-wide genetic approaches. Taken
together, the optimization and application of FLAMs provides an exciting, innovative

model to thoroughly investigate AM biology.
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MATERIALS AND METHODS

Animals

Experimental protocols were approved by the Institutional Animal Care and Use
Committee at MSU (AUF # PROT0201800113). 6-8 week old C57BI6 mice (cat #
000664) and Cas9* mice (cat # 026179) were obtained from Jackson Laboratories (Bar
Harbor, ME). Mice were given free access to food and water under controlled conditions
(humidity: 40-55%; lighting: 12 hour light/dark cycles; and temperature: 24+£2°C) as
described previously (61, 62). Pregnant dams at 8-10 weeks of age and 14-18
gestational days were euthanized to obtain murine fetuses. AMs were isolated from
male and female mice older than 10 weeks of age. BMDMs were obtained from male

and female mice 6 weeks of age and older.

FLAMSs cell isolation and culture

Fetal liver derived cells were obtained as previously described (35). Briefly, pregnant
dams were euthanized by CO: inhalation for 10 min to ensure death to neonates, which
are resistant to anoxia. Cervical dislocation was used as a secondary form of death for
the dam. Fetuses were immediately removed, and loss of maternal blood supply served
as a secondary form of death for the fetuses. Cells were cultured in complete Roswell
Park Memorial Institute medium (RPMI, Thermo Fisher) containing 10% fetal bovine
serum (FBS, R&D Systems), 1% penicillin-streptomycin (P/S, Thermo Fisher), 30 ng/mL

recombinant mGM-CSF (Peprotech), and 20 ng/mL recombinant hTGFB1 (Peprotech)
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included where indicated. Media was refreshed every 2-3 days. When cells reached 70-
90% confluency, they were lifted by incubating for 10 minutes with 37°C phosphate-
buffered saline (PBS) containing 10 mM EDTA, followed by gentle scraping. After
approximately 1 week, adherent cells adopted a round, AM-like morphology. At this
time, stocks were frozen for future use. Thawed stocks were plated in untreated Petri
dishes with either GM-CSF or GM-CSF and TGFf (20 ng/mL recombinant hnTGF@1

[Peprotech]) and sub-cultured as described above.

AM isolation and culture

Mice were euthanized by CO2 exposure followed by exsanguination via the inferior vena
cava. Lungs were lavaged as previously described (20). Cells were then resuspended in
RPMI media containing 30 ng/mL GM-CSF and plated in untreated 48- or 24- well
plates. AMs were lifted from plates using Accutase™ (BioLegend) and seeded for

experiments.

BMDM isolation and culture

C57BL/6J mice were euthanized by CO2 exposure followed by cervical dislocation. Both
femurs were cut on one end to expose the bone marrow, placed cut side down in 0.6
mL tubes, and centrifuged at 16,000 xg for 25 seconds. Marrow from multiple mice was
pooled, dissociated to a single cells suspension in sterile PBS and pelleted by
centrifuging at 220 xg for 5 min. The pellet was resuspended in mouse RBC lysis buffer
(Alfa Aeser) and incubated at room temperature for 5 minutes. The RBC lysis buffer

was diluted with 2 volumes of PBS and the cell suspension passed through a nylon 70
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mm filter (Corning). Cells were pelleted a second time and resuspended in RPMI media
containing 10% FBS, 1% P/S, and 20% L929 media (63). Approximately 5 x 108 cells
were plated per dish in 10 cm untreated petri dishes. Media was refreshed every 2-3

days. Cells were used for assays when fully differentiated after 7 days.

Flow cytometry

Plated cells were lifted in warm PBS with 10 mM EDTA for 5-10 minutes and washed
twice in PBS before fluorescent antibody labeling. Immediately following isolation, AMs
were resuspended in PBS and filtered through a 70 um basket filter and incubated with
an antibody cocktail of PE CD170, APC CD11c, APC-Cyanine7 CD14, and FC Block
(Biolegend; 1:400 in PBS) for 20 min at room temperature in light-free condition.
Immunochemically labeled cells were washed three times with PBS, resuspended in
PBS, and passed through a 70 mm nylon filter immediately prior to analysis. Flow
cytometry was performed on a LSR Il Flow Cytometer (BD Biosciences) at the Michigan

State University Flow Cytometry Core.

qPCR

RNA was isolated from ~5 x 10° cells using RNeasy mini kits (Qiagen), typically yielding
100-400 ng RNA. RNA was then reverse transcribed to cDNA using a High-Capacity
cDNA reverse transcription kit (Thermo Fisher) on a Stratagene Robocycler 40.
Quantitative real-time gPCR was performed using specific Tagman probes (Thermo
Fisher) for TGFB1 (TgfB1), TGFp receptors (TgfBrl, Tgrbrl), selected genes used to

distinguish AMs from other macrophage populations (Cd14, Siglecf, Marco, Pparg Car4,
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Fabp4, Itgax), and cytokines (ll1a, ll1b, 1110) on an Applied Biosystems™
QuantStudio™ 7 real-time PCR system. Data were analyzed with Applied Biosystems™
Thermo Fisher Cloud using the RQ software and the relative quantification method.
Gapdh was used as the housekeeping gene. Relative copy number (RCN) for each
gene was normalized to expression of Gapdh and calculated as described previously

(64).

Scanning electron microscopy

Suspensions of AMs or FLAMs were diluted to 2.5 x 10° cells/mL, and 100 mL pipetted
directly upon glass 12 mm diameter, 0.13-0.16 mm thick circular coverslips (Electron
Microscopy Sciences), which were placed in the bottom of 6-well plates. Cells were
allowed to settle for 2-3 minutes, then 1 mL of media was added to fill the well. To fix
cells, the coverslips were removed from the wells, submerged in 4% glutaraldehyde in
0.1 M sodium phosphate buffer at pH 7.4 and placed in a graded ethanol series (25%,
50%, 75%, 95%) for 10 min at each step followed by 3 minutes changes in 100%
ethanol.

Samples were critical point dried in a Leica Microsystems model EM CPD300 critical
point drier (Leica Microsystems, Vienna, Austria) using CO: as the transitional fluid.
Coverslips were then mounted on aluminum stubs using epoxy glue (System's Three
Quick Cure 5, Systems Three Resins, Auburn WA). Samples were coated with osmium
at ~10 nm thickness in an NEOC-AT osmium chemical vapor deposition coater
(Meiwafosis Co, Osaka, Japan) and examined in a JEOL 7500F (field emission emitter)

scanning electron microscope (JEOL, Tokyo, Japan).
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cSiO2 phagocytosis assay

To assess phagocytosis of cSiO2 particles, FLAMs, AMs, and BMDMs were seeded at
0.25 cells/cm? in 48- or 96-well plates to observe engulfment of surrounding silica
particles. The following day, the media was removed, wells were rinsed 1x with sterile
PBS, media replaced with FluoroBrite DMEM (Thermo Fisher) containing 10% FBS and
200 nM SYTOX Green nucleic acid stain (Thermo Fisher). cSiO2 was then added
dropwise to a final density of 25-100 mg/cmz. Cells were imaged over time on an EVOS
FL2 fluorescent microscope (Thermo Fisher) with an on-stage, temperature control CO2
incubator and 2-4 images were acquired per well. SYTOX Green detected on the GFP
light cube.

Images were analyzed using analysis pipelines built in the CellProfiler software (65).
cSiO2 engulfment was assessed by quantifying the number of cSiO2-filled cells, which
have a higher pixel intensity than non-cSiOz-filled cells due to the accumulation of the
particles. To avoid counting aggregated cSiO:2 particles, a threshold was applied to
capture only shapes with high solidity and low compactness. Cell death was quantified

by counting SYTOX Green* cells, respectively.

ELISAs

Cells were treated with cSiOz2 for 8 hours or LPS for 24 hours at the indicated
concentrations. Cell-free supernatant was collected and the cytokines IL-1a, IL-1[3, and
IL-10 were analyzed using DuoSet ELISA kits (R&D Systems) per the manufacturer’s

instructions.
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CRISPR Targeted Knockouts

SgRNA cloning sgOpti was a gift from Eric Lander & David Sabatini (Addgene plasmid
#85681) (66). Individual sgRNAs were cloned as previously described (67) . In short,
SgRNA targeting sequences were annealed and phosphorylated then cloned into a
dephosphorylated and BsmBI (New England Biolabs) digested SgOpti. SgRNA
constructs were then packaged into lentivirus as previously described and used to
transduce early passage FLAMs. Two days later, transductants were selected with
puromycin. After one week of selection, gDNA was isolated from each targeted FLAM,
and PCR was used to amplify edited regions and sanger sequencing was used to
guantify indels. Two sgRNAs were targeted per gene and one targeted line was

selected for follow up study with editing efficiency >98% for each gene.

Construction of genome-wide loss-of-function library and Siglec-F Screen

The mouse BRIE knockout CRISPR pooled library was a gift of David Root and John
Doench (Addgene #73633) (68). Using the BRIE library, 4 sgRNAs targeting every
coding gene in mice in addition to 1000 non-targeting controls (78,637 sgRNAs total)
were packaged into lentivirus using HEK293T cells and transduced Cas9* FLAMs at a
low multiplicity of infection (MOI <0.3). Two days later these cells were selected with
puromycin. We then passaged the transduced library in TGFf in parallel with non-
transduced cells of the same passage without TGFB. When the non-transduced cells
grown in the absence of Tgff3 showed reduced Siglec-F expression by flow cytometry
we isolated gDNA from the library for sequencing and found high coverage and

distribution, with only 1000 sgRNAs not found in the input library. In parallel, the
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transduced library was fixed, and fluorescence activated cell sorting (FACS) was used
to isolate the SiglecF"d9" and SiglecF'°" bins using a BioRad S3e cell sorter. Genomic
DNA was isolated from each sorted population from two biological replicate experiments
using a homemade modified salt precipitation method previously described (69).
Amplification of sgRNAs by PCR was performed as previously described using lllumina
compatible primers from IDT (68), and amplicons were sequenced on an Illlumina
NovaSeq 6000 at the RTSF Genomics Core at Michigan State University.

Sequence reads were first trimmed to remove any adapter sequence and to adjust for
p5 primer stagger. We used MAGeCK to map reads to the sgRNA library index without
allowing for any mismatch. Subsequent sgRNA counts were median normalized to
control sgRNAs in MAGeCK to account for variable sequencing depth. To test for
sgRNA and gene enrichment, we used the ‘test’ command in MAGeCK to compare the

distribution of sgRNAs in the SiglecF"9" and SiglecF"°" bins.

Bioinformatic analysis

Both DAVID analysis and GSEA analysis were used to identify enriched pathways and
protein families that were enriched in the data set. Genes were ranked in MAGeCK
using RRA and the top enriched positive regulators (4-fold change with at least 2
sgRNAs) were used as a “candidate list” in both DAVID analysis using default settings
(70). Functional analysis and functional annotation analysis were completed, and top
enriched pathways and protein families were identified. For GSEA analysis, the “GSEA
Preranked” function was used to complete functional enrichment using default settings

for KEGG, Reactome and GO terms.

67



Data availability

Raw sequencing data in FASTQ and processed formats will be available for download

from NCBI Gene Expression Omnibus (GEO) and available upon request.

Statistical analysis and data visualization

Statistical analysis and data visualization were performed using Prism Version 8
(GraphPad) or R studio as indicated in the figure legends. SYTOX* and cSiO2-filled
cells were quantified using CellProfiler. Data are presented, unless otherwise indicated,
as the mean = the standard deviation. For parametric data, one-way ANOVA followed
by Tukey’s post-hoc test was used to identify significant differences between multiple
groups, and Student’s t-tests were used to compare two groups. Non-parametric one-
way ANOVAs and Mann-Whitney U tests were used to compare multiple groups and

two groups, respectively, for non-parametric data.
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FIGURES

Figure 2.1 Fetal liver macrophages cultured with GM-CSF lose their AM-like
phenotype over time. Fetal liver cells were cultured with GM-CSF and analyzed at
indicated passage. AMs were isolated and analyzed immediately. (A) AMs, passage (P)
2 fetal liver cells, and P37 fetal liver cells were lifted from culture and imaged on a
EVOS FL Auto 2 fluorescence microscope at x60 original magnification. (B) AMs, P3
fetal liver cells, and P15 fetal liver cells were fixed and imaged by scanning electron
microscopy at x4500, x4000, and x2200, respectively. (C) AMs (gray), P4 fetal liver
macrophages (blue), and P15 fetal liver macrophages (red) were assessed for surface
expression of the markers CD14, Siglec-F, and CD11c by flow cytometry. (D) Gene
expression of indicated genes in AMs, early fetal liver macrophages (P1), and late fetal
liver macrophages (P18) was quantified by gPCR. Data were compared using one-way
ANOVA followed by a Tukey multiple comparison test. Bars labeled with unique letters
are significantly different (p < 0.05). Results are representative of two or three
independent experiments.
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Figure 2.1 (cont’d)
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Figure 2.2 Culturing fetal liver cells with TGF-B and GM-CSF maintains AM-like
phenotypes long-term. Fetal liver cells were cultured with or without TGFf for the
indicated passages. (A) Passage (P) 15 cells cultured with and without TGF3 were
imaged on a EVOS FL Auto 2 fluorescence microscope at x60 original magnification.
Cells with a clearly visible spindleoid morphology are marked with arrows. (B) At the
indicated passage, RNA was extracted from a subset of cells for gene expression
analysis. Expression of the indicated genes are quantified as relative copy number
(RCN) compared with Gapdh. Asterisks indicate significant differences in gene
expression of cells cultured with and without TGFf cells at the same passage number,
as determined by a Student t test. *p < 0.05. (C) At the indicated passage, cells were
analyzed by flow cytometry for the surface expression of CD14 and Siglec-F.
Representative biaxial plots from triplicate samples are shown. (D) Quantification of the
mean fluorescence intensity (MFI) and percent of cells positive of CD14 and Siglec-F
surface expression from cells in (C) expressed as MFI (left) and percent positive (right).
Results are representative of at least two independent experiments. ****p < 0.0001 by
one-way ANOVA with a Tukey correction for multiple comparisons.
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Figure 2.3 The kinetics of cSiO2 uptake and cSiO2-induced cell death and IL-1
release are similar among AMs and FLAMs. AMs, bone marrow-derived
macrophages (BMDMs), and fetal liver cells were seeded in 96-well plates. After 24 h,
media were replaced with FluoroBrite DMEM containing 200 nM Sytox green and 10%
FBS. cSiO2 at the indicated densities was added dropwise to cells and images were
taken at 0, 2, 6, and 8 h using an EVOS FL2 fluorescence microscope. (A) The
percentages of cSiO2-filled and Sytox* cells were quantified using CellProfiler software.
(B) Representative images of Sytox*™ and cSiOz-filled cells (white arrows in AM panel,
top right) treated with 50 pug/cm? silica for 8 h; original magnification, x20. (C) In a
separate experiment, the supernatant was collected after an 8-h treatment with 25
ug/cm? to assess release of the cytokines IL-1a (top) and IL-1B (bottom) by ELISA. **p
< 0.01, **p < 0.001, as assessed by Student t tests between relevant groups. ND, not
detected. Results are representative of at least two independent experiments.
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Figure 2.3 (cont’d)
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Figure 2.4 The loss of Marco and I11r1 modulate the response of FLAMs to cSiO2
treatment. Wild-type, Marco knockout (KO), and 111r1 KO FLAMs were treated with
cSiOz at the indicated concentrations for 8 h. (A) Cell viability was determined using the
MTS assay, with 100% viability determined as the mean absorbance of the formazan
dye product in the untreated wild-type cells. (B and C) Supernatant was collected to
measure release of (B) IL-1a and (C) IL-18. Results are representative of at least two
independent experiments with biological triplicates. *p < 0.05, ***p < 0.001, between cell

types within treatment groups, as determined by one-way ANOVA followed by a Tukey
multiple comparison test.
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Figure 2.5 A loss-of-function forward genetic screen identifies regulators of
Siglec-F surface expression on FLAMs. iBMDMs or FLAMs targeted for 111r1 or
SiglecF were analyzed by flow cytometry for Siglec-F surface expression. (A) Shown
are representative histograms of surface expression. (B) The MFI of Siglec-F surface
expression was quantified on cells of the indicated genotypes. ****p < 0.0001, between
samples by one-way ANOVA with a Tukey correction. These data are representative of
two independent experiments. (C) Shown is a schematic of the generation of the FLAM
knockout library and screen to identify Siglec-F regulators. Transduction of Cas9*
FLAMs with the genome-wide library of SgRNAS results in variable Siglec-F surface
expression. When parallel control FLAMs grown in the absence of TGFp lost Siglec-F
expression, the top and bottom 5% of Siglec-F expression cells were isolated from the
knockout FLAM library by FACS. Sorted cells were then used for downstream
sequencing and analysis. (D) Siglec-F surface expression of library control cells grown
in the absence of TGFB was monitored over time and compared with the transduced
FLAM library prior to sorting. Shown is the MFI for Siglec-F expression of the indicated
cells and passage numbers. ****p < 0.0001 by one-way ANOVA with Tukey test. (E)
Shown is the a-RRA score of each gene in CRISPR library that passed filtering metrics
in MAGeCK. Genes of interest are noted. (F) Normalized sgSiglecF counts for each
sgRNA found in both the Siglec-F°“— and Siglec-F"9"—sorted populations is shown.
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Figure 2.5 (cont’d)
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Figure 2.6 Bioinformatics analysis identifies FLAM metabolic networks as critical
regulators of Siglec-F expression. (A) The TGFf response regulator USP9x was a
significant hit in the screen. Shown are the normalized counts for each of the four
SgRNAs targeting USP9x in each sorted population. (B) Using DAVID analysis,
peroxisome biogenesis was identified as the most significantly enriched KEGG
pathway. Shown is an adaptation of the KEGG peroxisome biogenesis pathway
highlighting the 10 peroxisome regulators identified in the screen in pink. (C) The
SgRNA distribution and mean log fold change for each peroxisome regulator (Pex)
identified in the genetic screen are shown. The dashed line indicates a log2 fold change
of —1. (D) DAVID analysis identified surface proteins associated with phagocytosis.
Shown are the normalized counts for each of the four sgRNAs targeting the indicated
surface protein from each sorted population. (E) GSEA was used to identify enriched
pathways from the entire forward genetic screen. Shown are four leading-edge analysis
plots that are representative of this analysis for a subset of enriched pathways. These
pathways include the peroxisome, oxidative phosphorylation, GPI anchor biosynthesis,
and mTORC1 signaling.
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Figure 2.6 (cont’d)
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CHAPTER 3: TGFB PRIMES ALVEOLAR-LIKE
MACROPHAGES TO INDUCE TYPE I IFN FOLLOWING
TLR2 ACTIVATION
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ABSTRACT

Alveolar macrophages (AMs) are key mediators of lung function and are potential
targets for therapies during respiratory infections. The cytokine TGFp is an important
regulator of AM maintenance but, how TGFp directly modulates the innate immune
responses of AMs remains unclear. This shortcoming prevents effective targeting of
AMs to improve lung function in health and disease. Here we leveraged an optimized ex
vivo AM model system, fetal-liver derived alveolar-like macrophages (FLAMS), to
dissect the role of TGFf in AMs. Using transcriptional analysis, we globally defined how
TGFp regulates gene expression of resting FLAMs. We found that TGF3 maintains the
baseline metabolic state of AMs by driving lipid metabolism and restricting inflammation.
To better understand inflammatory regulation in FLAMs, we directly tested how TGFf3
alters the response to the TLR2 agonist PAM3CSK4. While both TGFf (+) and TGFf (-)
FLAMs robustly responded to TLR2 activation we found an unexpected activation of
type | interferon (IFN) responses only in TGFp (+) FLAMs. Follow up studies found that
several TLR2 activators, including Mycobacterium tuberculosis infection, drive robust
type | IFN responses in FLAMs and primary AMs in a TGF dependent manner. Further
examination of the pathways driving this IFN response determined that the
mitochondrial antiviral signaling protein and the interferon regulator factors 3 and 7 were
required for IFN production. In contrast, we observed a limited role for aerobic glycolysis
in driving IFNs. Together, these data suggest that TGF3 modulates AM metabolic
networks and innate immune signaling cascades to control inflammatory pathways in

AMSs.
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INTRODUCTION

The pulmonary space is a specialized environment evolved to facilitate gas
exchange and maintain lung function (1, 2). To protect against exposures to airborne
microorganisms and particulates, lung alveoli contain a specialized phagocyte
population, alveolar macrophages (AMs) (2, 3). These AMs, like many other tissue-
resident macrophages, seed the lungs from the fetal liver and serve two primary
purposes: to preserve lung homeostasis by maintaining optimal surfactant levels in the
lungs and to patrol the alveolar space for inhaled debris, initiating an inflammatory
response when necessary (4-6). Given the importance of maintaining pulmonary
function, AMs must strictly regulate their inflammatory responses to prevent
unnecessary inflammation and tissue damage (7, 8). Compared to other inflammatory
macrophages, including bone marrow-derived macrophages (BMDMs), AMs are more
hypo-inflammatory against many pathogenic stimuli, a characteristic that is mediated by
their distinct ontogeny and the lung environment (8-10). In fact, circulating monocytes
that are recruited to the lungs following infection have been shown to adapt to the local
environment and take on AM-like phenotypes (11). Two key cytokines, GM-CSF and
TGFf, are known to mediate AM functions in the lung environment (6, 12, 13). While the
role of GM-CSF is better understood due to its importance in preventing pulmonary
alveolar proteinosis, how TGFf directly modulates the AM state and function remains
unclear, limiting our ability to target AMs and improve lung function in health and
disease.

TGFp exists as three separate isoforms (TGF(1-3) that all bind to the same

TGFB coreceptors (TGFBRI, TGFBRII) (14). TGFB-1 is primarily produced by
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macrophages, but in an inactive form, conjugated with a latency-associated peptide
(LAP) (15-17). Inactive TGFB1 (referred to as TGFf from here on) is activated following
enzymatic, acidic, or receptor-mediated cleavage of the LAP from TGF@ (17, 18). In the
lungs, inactive TGF is primarily produced by AMs which is then activated by the
alveolar epithelial type 1l cells (AECII) through the activity of the av6 integrin on
alveolar epithelial cells (6, 17). Thus, maintaining AMs requires unigue interactions
between the lung epithelium and disruptions of this environment results in dysregulated
pulmonary responses.

In its active form, TGFf is a versatile cytokine that triggers Smad complex
translocation to the nucleus to drive a multitude of processes, including stem cell
differentiation, chemotaxis, and immune regulation, depending on the context in which it
is acting (19, 20). Much of this heterogeneity in cellular responses to TGFf is thought to
be due to crosstalk between other transcriptional regulators and epigenetic regulation
(21). In the lungs, TGFp plays critical roles both in lung development and disease. Mice
lacking any of the three isoforms of TGF[3 or either of the two receptors have varying
degrees of deformed lung structure and alveologenesis due to dysregulated interactions
between the lung epithelium and mesenchyme during development (22-25). TGF is
also implicated in the development of idiopathic pulmonary fibrosis (IPF) through its
induction of myofibroblast differentiation from lung fibroblasts and suppression of anti-
fibrotic factors prostaglandin E2 and hepatocyte growth factor production (26-28). Given
the importance of TGFf to maintain AMs in the lungs it is essential to better understand

how TGFB modulates the inflammatory potential of AMs.
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Fully dissecting the role of TGFB in AM regulation requires ex vivo models that
faithfully recapitulate key aspects of the lung environment. Recent work by several
groups showed that growth of macrophages in both GM-CSF and TGF@ stabilizes the
AM-like state for cells grown in culture (29-31). We recently optimized the fetal liver-
derived alveolar-like macrophages (FLAMs) model which propagates fetal liver cells in
both GM-CSF and TGFf allowing for long-term propagation and genetic manipulation of
cells that recapitulate many aspects of AM functions (31). Removing TGFf from these
cells results in a loss of the AM-like state such as decreased expression of the key AM
transcription factor peroxisome-proliferating activating receptor gamma (PPARYy) and
increased expression of the LPS co-receptor CD14. These data suggest that TGFf not
only maintains the AM state but plays an important role in modulating the inflammatory
response of AMs.

In this report we directly examine how TGF( shapes AM function and
inflammatory responses. Using transcriptional analysis, we globally defined how TGFf3
regulates the gene expression of resting FLAMSs, identifying a key role of TGFf in
maintaining the metabolic state of AMs. In parallel, we characterized how TGF@ shapes
the inflammatory response of AMs following the activation of toll-like receptor 2 (TLR2),
uncovering an unexpected link between TGF, TLR2, and type | interferon (IFN). We
found that a range of TLR2 agonists, including Mycobacterium tuberculosis, drive
exacerbated IFN responses in a TGFB-dependent manner. Further mechanistic studies
found this IFN response was not dependent on glycolysis and required the
mitochondrial antiviral signaling adaptor (MAVS) as well as the transcription factors

interferon regulatory factor 3 and 7 (IRF3/7). These data suggest that TGF[ rewires the
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metabolic networks in AMs and this activates unique innate immune signaling not

observed in other macrophage populations.

RESULTS

TGFB drives lipid metabolism, restrains cytokine expression, and maintains
FLAMs in the AM-like state.

We previously developed FLAMs as an ex vivo model of AMs to understand the
mechanistic signals and regulatory networks that maintain cells in the AM-like state
(31). TGFp is a key cytokine needed to maintain AMs in vivo and to maintain FLAMSs in
the AM-like state, yet how TGF modulates AM functions and transcriptional networks
remains unclear. As a first step, we confirmed that TGFp is required to broadly maintain
the AM-like state in FLAMs. Since PPARYy is a key transcription factor in AMs, and is
expressed in AMs and FLAMs, we measured the effect of TGF3 on PPARYy expression
(Figure 3.1A) (31). FLAMs were grown in GM-CSF in the presence or absence of TGFf
for two-weeks and the mRNA expression of the transcription factor PPARy was
guantified by quantitative RT-PCR. As expected, FLAMs with TGF maintained higher
expression of PPARYy, while cells grown in the absence of TGFf significantly decreased
PPARYy expression (6, 31). These data confirm that TGFB helps maintain FLAMs in an
AM-like state long-term.

To better understand how TGFf globally regulates FLAMs, we next conducted
whole-transcriptome RNA sequencing analysis on FLAMs grown in the presence and
absence of TGF. Differential expression analysis identified hundreds of genes that

were significantly changed between FLAMs grown with or without TGFB (Figure 3.1B).
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To globally identify pathways that were uniquely enriched in TGF (+) FLAMs, we
employed gene set enrichment analysis (GSEA), using a ranked gene list generated
from the differential expression analysis. Among the top KEGG pathways enriched in
TGFB (+) FLAMs were PPAR signaling, fatty acid synthesis, lipid metabolism, and
lysosome pathways (Figure 3.1C). Given that AMs are known to drive PPARYy-
dependent lipid metabolism, these data suggest the FLAM transcriptional profile is
similar to primary AMs (32, 33). In contrast, pathways enriched in TGF@ (-) FLAMs were
related to cytokine and chemokine expression and cell proliferation. We directly
compared the expression of a subset of genes related to these pathways and AM
signature genes (Figure 3.1C). We found high expression of PPARy, MARCO, SiglecF
in TGFPB (+) FLAMSs in addition to lipid metabolism genes including Acat2, Acat3, and
FadS2 (Figure 1D). In TGF (-) FLAMs, we observed a significant increase in
chemokines including CCL2, CCL3, CCL4 and CXCL3 (Figure 1D). Taken together
these data show that TGF[3 maintains metabolic functions of AMs while restraining

inflammation in line with previous reports suggesting AMs are hypo-inflammatory (8).

TGFB mediates a type 1 IFN in AMs following Pam3 Activation.

Since TGFB (+) FLAMs did not express inflammatory genes as highly as TGFf (-
) FLAMSs, we next directly tested the response of these cells to inflammatory stimuli.
Many bacterial respiratory infections, including Mycobacterium tuberculosis, activate
TLR2 signaling during infection (34, 35). Thus, we examined how the activation of TLR2
with the purified agonist Pam3CSK4 (referred to as Pam3) differentially alters the

transcriptome of FLAMs in a TGFB-dependent manner. TGF (+) and TGFp (-) FLAMs
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were stimulated with Pam3 for 18 hours, then, RNA sequencing and differential
expression analysis was used to identify changes in the transcriptional landscape. We
identified hundreds of genes that were significantly altered following Pam3 activation of
TGFB (+) FLAMs compared to untreated TGFp (+) FLAMs (Figure 3.2A) and Pam3
activated TGFp (-) FLAMs (Figure 3.2B). We were curious as to what pathways were
enriched in TGFf (+) FLAMs compared to following PAM activation to identify TGF( -
dependent and perhaps, AM-specific immune signaling (Figure 3.2A). Using GSEA we
found an unexpected enrichment in pathways related to IFN signaling (Figure 3.2C).
When we examined the entire IFN hallmark pathway across all conditions we only
observed robust induction of IFN-related genes in Pam3 activated TGFB (+) FLAMs
(Figure 3.2D). This finding suggests that while TGFf restrains several inflammatory
cytokines following Pam3 stimulation, TGF3 skews the macrophages response to drive
the activation of IFN pathways.

To further understand the role of nucleotide sensing in the TLR2 response of
TGFB (+) FLAMs, we next directly examined the normalized reads of IFNB and two
other interferon-stimulated genes (ISGs) (Figure 3.3A). While we observed similar
baseline expression of IFNB1, CXCL10 and Rsad2 between conditions, TGFB (+)
FLAMs induced significantly higher expression of all three genes following Pam3
activation. To corroborate the RNA sequencing results, we compared the secretion of
cytokines in resting and Pam3-activated TGFB (+) and TGFB (-) FLAMs using a
multiplex Luminex assay (Figure 3.3B). In agreement with our transcriptional results,
we observed a significant increase in IFNB1 and CXCL10 in Pam3-activated TGFp (+)

FLAMs compared to TGF (-) FLAMs. We next confirmed this phenotype occurs in
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primary AMs by isolating cells from the lungs and activating them with Pam3 and
examining the production of IFNB by ELISA (Figure 3.3C). In line with our results in
FLAMs, we observed a significant increase in IFNf in AMs following activation with
Pama3. These data confirm that TGF[ signaling in AMs drives the production of type |

IFN following Pam3 stimulation.

TGFB mediates TLR2-dependent type 1 IFN activation in AMs.

Pam3 is a potent TLR2 agonist, so we hypothesized that other TLR2 activators
would similarly drive the production of type | IFNs in TGFB (+) FLAMSs. To test this, we
stimulated TGF (-) and TGF (+) cells with the known TLR2 activators Peptidoglycan
and Zymosan. Since Zymosan can activate cells through both TLR2 and Dectinl, we
also tested depleted Zymosan and curdlan that will only activate cells through Dectinl.
18 hours after activation with each agonist, we measured the CXCL10 by ELISA as a
marker for IFN production (Figure 3.4A). We observed that both Peptidoglycan and
Zymosan stimulations of TGFB (+) FLAMs resulted in a significant increase in CXCL10
production compared to TGFp (-) FLAMs. However, we observed no significant
induction of CXCL10 following activation with depleted Zymosan or curdlan. We next
infected TGFp (-) and TGFB (+) FLAMs with Mycobacterium tuberculosis, a known
activator of TLR2, and quantified the production of IFNB (Figure 3.4B) and CXCL10
(Figure 3.4C) using a multiplex Luminex assay the following day (35). We found that
infection of TGFB (+) FLAMSs resulted in a significant increase in both IFNf and CXCL10

compared to TGF (-) FLAMs.
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Since our results suggested that TLR2-dependent activation drives the increased
IFN response in TGFf (+) FLAMs, we next directly tested this using TLR2-/- FLAMSs.
Wild type and TLR2-/- TGFB (+) FLAMs were stimulated with Pam3 and the following
day IFNB was quantified in the supernatants by ELISA. While wild type TGF( (+)
FLAMSs robustly induced IFN, this was lost in TLR2-/- FLAMs. Taken together these
results suggest that TGF( signaling in FLAMs drives a unique response to TLR2

activation that results in the production of type | IFN.

MAYVS and IRF3/7 but not aerobic glycolysis contribute to TGFB-dependent Type |
IFN responses.

We next wanted to better understand the pathways driving the TGFB-dependent
type | IFN response. One key type | IFN production pathway is mediated by the
mitochondrial antiviral-signaling protein (MAVS) which triggers the activation of the
transcription factors interferon regulatory factors 3 and 7 (Irf3/Irf7) to mediate the
transcription of IFN[3 (36, 37). To test the role of these genes in controlling TGFf3-
dependent IFN responses, we used our previously described CRISPR-Cas9 editing
approaches in FLAMSs to target Mavs, Irf3 and Irf7 with individual SgRNAs (Figure 5A)
(31). We then left cells untreated or stimulated TGF@ (+) wild type, TLR2-/-, sgMAVS,
sglrf3, and sglrf7 FLAMs with zymosan, depleted zymosan, or LyoVec-complexed Poly
I:C and quantified secreted IFN the following day. We observed that wildtype FLAMs
induced IFNB in all conditions, except following depleted zymosan stimulation. In

contrast, for all stimulations, we found significantly reduced IFNB from sgMAVSs, sqlrf3,
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and sglrf7 FLAMs. These data suggest that TGF3-dependent, TLR2-mediated type |
IFN responses are controlled by MAVS and Irf3/Irf7.

A previous report showed that MAVS signaling is regulated by lactate produced
through glycolysis (38). Given the expression differences in key metabolic pathways we
observed between TGFB- and TGF( (+) FLAMs, we wondered whether differential
metabolic regulation of MAVS may explain differences in the type | IFN response. As a
first step, we tested whether direct activation of the MAVS pathway with poly I:C would
result in differential type | IFN between TGFB (+) and TGF (-) FLAMs (Figure 3.5B).
We observed that TGF (+) FLAMSs induced significantly more CXCL10 compared to
TGFB (-) FLAMs, suggesting increased activity of the RIG-I/MAVS signaling pathway.
We next tested whether inhibiting lactate dehydrogenase and thus, reducing
intracellular lactate levels would alter the TGFB-dependent type | IFN response in
FLAMs. FLAMs grown with and without TGF3 were transfected with poly I:C with
increasing levels of Oxamate and the following day we quantified CXCL10 in the
supernatants (Figure 3.5C). We observed a dose-dependent decrease in CXCL10
production in TGFB (-) FLAMs suggesting the IFN response in these cells is dependent
on aerobic glycolysis. In contrast, we observed no significant effect of oxamate on the
high CXCL10 production found in TGFB (+) FLAMs. Taken together these data suggest
that TGFB-dependent type | IFN responses in FLAMs is independent of changes in

aerobic glycolysis.
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DISCUSSION

TGFp signaling is essential for alveolar macrophage (AM) development and
homeostasis in the lung environment (6). How TGF[ regulates distinct functions of AMs
and their response to external stimuli remains unclear. Here, we leveraged an ex vivo
model of AMs, known as FLAMS, to dissect transcriptional changes in AM-like cells that
are mediated by TGF. We found that while TGF restrains a subset of inflammatory
pathways, TGF[ also primes AMs for a type | IFN (IFN) response following TLR2
activation. These results suggest that distinct innate immune signaling networks in AMs
are regulated by the tissue environment and directly alter the inflammatory response
following the activation of TLR2.

While our findings suggest an unexpected link between TLR2 and IFN in AMs,
how TLR2 activates IFN remains an open question. Several pattern recognition
receptors (PRRs), including TLR3, TLR7 and TLR9 activate IFNs through the activation
of IRF3 or IRF7, but these PRRs are localized to the endosome and generally respond
to viral ligands (39, 40). In contrast, TLR2 is present on both the surface and in the
endosome, similar to TLR4. Previous studies showed that TLR4 signaling through the
plasma membrane drives Myd88-dependent NF«f3 activation while signaling through the
endosome activates a TRIF dependent IFN response (41). Whether the localization of
TLR2 drives the IFN response in TGF cultured AMs and the contribution of the
adaptors, Myd88 and TRIF, to the response will need to be determined. While several
previous studies suggest TLR2 can activate IFNs, the ligands and cell types capable of
this response remain controversial (42-45). For example, Barbalat et al showed BMDMs

can make IFN in response to viral ligands but not bacterial ligands, while Dietrich et al.
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showed BMDMs can make IFN following activation with bacterial ligands (43, 44). Our
data support the role of bacterial and fungal TLR2 ligands in activating an IFN response
in AMs that is dependent on TGFf signaling. FLAMs grown in the absence of TGFf did
not robustly induce IFNs following TLR2 activation. Our genetic studies found that
IRF3, IRF7, and MAVS were all required for the TLR2-activated IFN response. This
suggests TLR2-mediated IFN may activate parallel pathways, one dependent on direct
signaling through MyD88/TRIF, and a second dependent on the cytosolic nucleotide
sensing pathways dependent on MAVS. Given that we observed exacerbated IFN
responses in TGFp (+) FLAMs following direct activation of MAVS by poly I:C treatment,
our data support a model where TGF primes AMs to enhance the activation of MAVS-
dependent IFN production.

The mechanisms underlying TGF priming IFN responses remain unknown.
TGFp is known to activate PPARYy and fatty acid oxidation, which we confirmed through
our transcriptional analysis (6). Previous studies have linked cellular metabolism and
type | IFN production. Both cholesterol biosynthesis and glycolysis byproducts such as
lactate are known to regulate the magnitude of the type | IFN response in BMDMs (38,
46). However, when lactate levels were modulated with the pyruvate dehydrogenase
inhibitor oxamate, we observed no changes in the TGFB-dependent IFN response.
Thus, lactate is not directly modulating the IFN response in our model. Given the
increased fatty acid oxidation and mitochondrial function in TGFf cultured FLAMs, it is
possible that TGFB-dependent changes in lipid metabolism and mitochondrial function
directly drive subsequent IFN responses following TLR2 activation. Since we observed

increased activation of MAVS-dependent IFN production following TLR2 stimulation in
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the absence of exogenous cytosolic nucleotides, this suggests the possibility of
endogenous cellular ligands such as mitochondrial DNA amplifying the TLR2 response
in AMs (47). How changes in mitochondrial dynamics or possibly mitochondrial ROS
generation contribute to the production of IFNB remains unknown. Future studies will be
needed to dissect the role of fatty acid oxidation, oxidative respiration, and
mitochondrial damage in driving TLR2-mediated TGFB-dependent IFN responses in
AMs.

Our finding that AMs are uniquely programmed by TGF[ to drive an IFN
response suggests that these specialized resident macrophages differentially activate
their inflammatory profiles in the lung environment compared to other macrophages.
Understanding the consequences of an IFN-skewed response in the lungs is an
important line of research for future studies. Type | IFNs are known to be potent
regulators of antiviral immunity, suggesting the host response in the lungs is particularly
tuned to respond to invading viral pathogens (37). However, IFNs also play a key role in
controlling fungal pathogens like Aspergillus fumigatus in humans and in mice (48). In
several disease states however, including Systemic Lupus Erythematosus (SLE) and
tuberculosis, elevated type | IFNs are associated with worse disease, and blocking type
I IFN has been shown to improve clinical outcomes (49-51). Our data support the role of
type | IFNs as a key initial response to invading pathogens in the lungs and more
broadly suggests the balance of type | IFNs can mediate protective or pathologic host
responses.

Interestingly, TGFf is produced in an inactive form by AMs in the lungs and it is

processed into an active form by integrins on lung epithelial cells which then signal back
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to AMs to maintain their function (6, 17, 18). This interconnected signaling ensures that
AMs are properly tuned to the airspace and suggests the lung environment is an
important mediator of the enhanced type | response observed in AMs. Better
understanding the underlying mechanisms driving TGFB-dependent type | IFN may
enable the development of therapeutics that modulate the balance of type | IFNs more

effectively in the lungs to control infections and prevent autoinflammatory diseases.

METHODS

Animals

Experimental protocols were approved by the Institutional Animal Care and Use
Committee at Michigan State University (animal use form [AUF] no.
PROT0202200127). All protocols were strictly adhered to throughout the entire study.
Six- to 8-wk-old C57BL/6 mice (catalog no. 000664), TLR2-/- mice (catalog no. 004650)
and Cas9™ mice (catalog no. 026179) were obtained from The Jackson Laboratory (Bar
Harbor, ME). Mice were given free access to food and water under controlled conditions
(humidity, 40-55%; lighting, 12-hour light/12-hour dark cycles; and temperature, 24 +
2°C), as described previously (Bates 2002, 2015). Pregnant dams at 8—10 week of age
and 14-18 gestational days were euthanized to obtain murine fetuses. AMs were

isolated from male and female mice >10 week of age.

FLAM cell culture

Wild type and TLR2-/- FLAMs were isolated as previously described (31) cultured in

complete RPMI (Thermo Fisher Scientific) containing 10% FBS (R&D Systems), 1%
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penicillin-streptomycin (Thermo Fisher Scientific), 30 ng/ml recombinant mouse GM-
CSF (PeproTech), and 20 ng/ml recombinant human TGF@1 (PeproTech) included
where indicated. Media were refreshed every 2—-3 d. When cells reached 70-90%
confluency, they were lifted by incubating for 10 min with 37°C PBS containing 10 mM

EDTA, followed by gentle scraping.

AM isolation and culture

Mice were euthanized by CO2 exposure followed by exsanguination via the inferior vena
cava. Lungs were lavaged as previously described (Busch, 2019). Cells were then
resuspended in RPMI 1640 media containing 30 ng/ml GM-CSF and 20 ng/ml
recombinant human TGFB1 (PeproTech) and plated in untreated 48- or 24-well plates.

AMs were lifted from plates using Accutase (BioLegend) and seeded for experiments.

TLR2 activation

Cells were seeded in 24-well treated culture plates at a density of 150,000 cells/well and
allowed to settle overnight. Cells were treated with Pam3CSK4 25ng/ml (Invivogen, Cat
no. tlrl-pms), peptidoglycan from S. aureus at 50ug/ml (Invivogen, cat no. tlrl-pgns2),
zymosan at 50ug/ml (Invivogen, Cat no. tlrl-zyn), Zymosan Depleted at 50ug/ml
(Invivogen, Cat no. tlrl-zyd), Curdlan at 50ug/ml (Invivogen, Cat no. tirl-curd) or poly I:.C
at 20ug/mL (Invivogen, Cat no. tlrl-pic-5). Poly I.C was complexed with Lyovec for

transfection prior to stimulation.
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Cytokine analysis

Where indicated, supernatants were analyzed by a Luminex multiplex assay (Eve
Technology). In addition, secreted CXCL10 was quantified using the R&D Duoset kit
(R&D Sciences) per manufacturer’s instructions. Secreted IFN was quantified with the
LumiKine Xpress mIFN-B 2.0 kit (Invivogen, catalog no luex-mIFNBv2) per
manufacturer’s instructions. Luminescent signal was detected on a Spark® multimode

microplate reader (Tecan).

Mtb culture and infection

FLAMs were seeded at 200,000 cells/well in a 6 well plate prior to infection. PDIM-
positive H36Rv was grown in 7H9 medium containing 10% oleic albumin dextrose
catalase growth supplement and 0.05% Tween 80 as done previously (52). To obtain a
single cell suspension, samples were centrifuged at 200xg for 5 minutes to remove
clumps. Culture density was determined by taking the supernatant from this
centrifugation and determining the ODsoo, with the assumption that ODeoo = 1.0 is
equivalent to 3x108 bacteria per ml. Bacteria were added to macrophages for 4 hours
then cells were washed with PBS and fresh media was added. 24 hours later,

supernatant was removed and sterile filtered for analysis.

qRT PCR

RNA from FLAMs was extracted using the Directzol RNA Extraction Kit (Zymo
Research, Cat no. R2072) according to the manufacturer’s protocol. Quality was

assessed using NANODROP. The One-step Syber Green RT-PCR Kit (Qiagen, Cat no.
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210215) reagents were used to amplify the RNA and amplifications were monitored
using the QuantStudio3 (ThermoFisher, Cat no. A28567).

PPARg FWD: 5-CTC CAA GAA TAC CAA AGT GCG A -3’

PPARg REV: 5-GTA ATC AGC AAC CAT TGG GTC A -3’

GAPDH FWD: 5°-AGG TCG GTG TGA ACG GAT TTG-3’

GAPDH REV: 5-TGT AGA CCATGT AGT TGA GGT CA- 3

CRISPR-targeted knockouts

Single-guide RNA (sgRNA) cloning sgOpti was a gift from Eric Lander and David
Sabatini (Addgene plasmid no. 85681) (53). Individual sgRNAs were cloned as
previously described (54). In short, SQRNA targeting sequences were annealed and
phosphorylated, then cloned into a dephosphorylated and BsmBI (New England
Biolabs) digested sgOpti. SgRNA constructs were then packaged into lentivirus as
previously described and used to transduce early passage Cas9* FLAMs. Two days
later, transductants were selected with puromycin. After 1 week of selection, cells were
validated for SiglecF/CD14 expression and used for experimentation.

sgIRF3-Fwd: CACCGGGCTGGACGAGAGCCGAACG

sgIRF3-Rev: AAACCGTTCGGCTCTCGTCCAGCCC

SsgIRF7-Fwd: CACCGCTTGCGCCAAGACAATTCAG

SgIRF7-Rev: AAACCTGAATTGTCTTGGCGCAAGC

SgMAVS-Fwd: CACCGGAGGACAAACCTCTTGTCTG

SgMAVS-Rev: AAACCAGACAAGAGGTTTGTCCTCC
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RNAseq

FLAMs grown with and without the presence of TGF[3 were seeded in 6-well plates at 1
x 108 cells/well and treated with Poly(I:C) or PAM as described above for 6 hours. RNA
was extracted from three replicates of each treatment and control group. We used the
Direct-zol RNA Extraction Kit (Zymo Research, Cat no. R2072] to extract RNA
according to the manufacturer’s protocol. Quality was assessed by the MSU Genomics
Core using an Agilent 4200 TapeStation System. Samples with an RNA Integrity
Number >9 as calculated by TapeStation were selected for RNA sequencing. The
lllumina Stranded mMRNA Library Prep kit (lllumina, Cat no. 20040534) with IDT for
lllumina RNA Unique Dual Index adapters was used for library preparation following the
manufacturer’'s recommendations but using half-volume reactions. Qubit™ dsDNA HS
(ThermoFischer Scientific, Cat no. Q32851) and Agilent 4200 TapeStation HS
DNA1000 assays (Agilent, Cat no. 5067-5584) were used to ensure quality and quantity
of the generated libraries. The libraries were pooled in equimolar amounts, and the
Invitrogen Collibri Quantification gPCR kit (Invitrogen, Cat no. A38524100) was used to
guantify the pooled library. The pooled library was divided equally and loaded on 2
lanes of a NovaSeq S4 flow cell, and sequencing was performed in a 2x150 bp paired-
end format using the NovaSeq 6000 v1.5 100-cycle reagent kit (lllumina, Cat no.
20028316). Base calling was performed with lllumina Real Time Analysis (RTA; Version
3.4.4), and the output of RTA was demultiplexed and converted to the FastQ format with
lllumina Bcl2fastq (Version 2.20.0). RNAseq analysis was completed using the MSU
High Performance Computing Cluster (HPCC). FastQC (Version 0.11.7) was used to

assess read quality prior to downstream analysis. Bowtie2 (Version 2.4.1) (55) with
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default settings was used to map reads with the GRCm39 mouse reference genome.
Aligned reads counts were assessed using FeatureCounts from the Subread package
(Version 2.0.0) (56), producing raw counts tables for each sample. Differential gene
expression analysis was conducted using the DESeq2 package (Version 1.36.0) (57) in

R (Version 4.2.1).
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FIGURES

Figure 3.1. TGFB drives lipid metabolism, restrains cytokine expression, and
maintains FLAMs in the AM-like state. (A) PPARYy transcription was quantified by
gRT-PCR using 2(PPCT) relative to GAPDH in untreated (+) and (-) TGFB FLAMS. Each
point represents a technical replicate from one representative experiment of 3. **p<.01
by unpaired students t-test. (B) Differentially expressed genes were identified between
untreated (+) and (-) TGFB FLAMS. Red points represent significantly underexpressed
genes and blue points represent significantly overexpressed genes between (+) and (-)
TGFB FLAMs. Each point represents the mean of three biological replicates from one
experiment. DeSeq2 was used to determine significance using the adjusted p-value to
account for multiple hypothesis testing. (C) Expression of genes from three pathways
that are enriched between untreated (+) and (-)TGFB FLAMs and a subset of AM-
signature genes. Each column is representative of one technical replicate. (D) Gene
expression was quantified from normalized counts for key genes important in lipid
metabolism, inflammation, and TGFf signaling. Each point represents a technical
replicate from one experiment. *** adjusted p-value <.001 using DeSeq2 analysis.
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Figure 3.1 (cont’d)
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Figure 3.1 (cont’d)
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Figure 3.2. TGFB mediates cytosolic DNA sensing and type 1 IFN responses
during TLR2 activation. (A) Differentially expressed genes were identified between
+TGFB FLAMs (+) and (-) Pam3 treated for 6 hours. Red points represent
underexpressed genes and blue points represent overexpressed genes between (+)
and (-) TGFB FLAMs. Each point represents the mean of three biological replicates from
one experiment. (B) Differentially expressed genes were identified between (+) and (-)
TGFB FLAMSs treated with Pam3 for 6 hours. Red points represent underexpressed
genes and blue points represent overexpressed genes between (+) and (-) TGFB
FLAMSs. Each point represents the mean of three technical replicates from one
experiment. (C) Leading edge analysis of the IFN hallmark Pathway comparing Pam3
activation in (+) and (-) TGFB FLAMs (D) Expression of genes representing the IFN
hallmark pathway between (+) and (-)TGFB FLAMs that have or have not been treated
with Pam3. Each column represents a biological replicate from one experiment.
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Figure 3.2 (cont’d)
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Figure 3.2 (cont’d)
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Figure 3.3. IFNB and ISG transcription and secretion is heightened in Pam3-
activated AMs and FLAMs cultured with TGFB. (A) Normalized read counts from
IFNB, Rsad2 and CXCL10 from Pam3 RNA sequencing experiment. *** adjusted p-
value <.001 using DeSeq2 analysis. (B) (+) and (-) TGFB FLAMs were stimulated with
Pama3 for 24hrs. Supernatants were collected and IFN3, CXCL10 were quantified by
Luminex cytokine assay. (C) Primary AMs were stimulated with Pam3 and IFN3 was
quantified by bioluminescent ELISA the following day. Shown is one representative
experiment of two with 3 replicates per experiment. **p<.01 by unpaired students t-test.
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Figure 3.4. TLR2-dependent activation of type 1 IFN pathways in (+) TGFB FLAMs
is conserved among physiologically relevant TLR2 agonists. (A) (+) and (-) TGFB
FLAMs were stimulated with 50ug/ml Peptidoglycan, Zymosan, Zymosan Depleted, or
Curdlan for 24hrs. CXCL10 was quantified by ELISA. (B and C) (+) and (-) TGFB
FLAMs were left uninfected or infected with Mtb H37Rv at an MOI of 5 for 24hrs. (B)
IFNB and (C) CXCL10 were quantified by Luminex multiplex assay. (D) WT FLAMSs,
TLR2-/- FLAMs, and Primary AMs were stimulated with Pam3 for 24hrs. Secreted IFN(3
was quantified by bioluminescent ELISA. Each point represents data from a single well
from one representative experiment of three. ***p<.0001 ** p<.01 by one-way ANOVA
with a tukey test for multiple comparisons.
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Figure 3.4 (cont’d)
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Figure 3.5. MAVS and IRF3/7, but not aerobic glycolysis, contribute to TGF-
dependent Type | IFN responses. (A) Wild type, sgMAVS, sgIRF3, and sgIRF7
FLAMs were stimulated with Zymosan, Zymosan Depleted, and poly I:C for 24hrs.
Secreted IFNB was quantified by bioluminescent ELISA. (B) (+) and (-) TGFB FLAMs
were treated with poly I:C for 24hrs. Secreted CXCL10 was quantified by ELISA. (C) (+)
and (-) TGFB FLAMs were stimulated with complexed poly I:C and left untreated or
treated with Oxamate. Secreted CXCL10 was quantified by ELISA. Each point
represents data from a single well from one representative experiment of three. ***
p<.001, ** p<.01 by one-way ANOVA with a tukey test for multiple comparisons.
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Figure 3.5 (cont’d)
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CHAPTER 4: RAPID LETHALITY OF MICE LACKING
PHAGOCYTE OXIDASE AND CASPASE1/11

FOLLOWING MYCOBACTERIUM TUBERCULQOSIS
INFECTION.
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ABSTRACT

Immune networks that control antimicrobial and inflammatory mechanisms have
overlapping regulation and functions to ensure effective host responses. Genetic
interaction studies of immune pathways that compare host responses in single and
combined knockout backgrounds are a useful tool to identify new mechanisms of
immune control during infection. For disease caused by pulmonary Mycobacterium
tuberculosis infections, which currently lacks an effective vaccine, understanding
genetic interactions between protective immune pathways may identify new therapeutic
targets or disease-associated genes. Previous studies suggested a direct link between
the activation of NLRP3-Caspasel inflammasome and the NADPH-dependent
phagocyte oxidase complex during Mtb infection. Loss of the phagocyte oxidase
complex alone resulted in increased activation of Caspasel and IL1 production during
Mtb infection, resulting in failed disease tolerance during the chronic stages of disease.
To better understand this interaction, we generated mice lacking both Cybb, a key
subunit of the phagocyte oxidase, and Caspasel/11. We found that ex vivo Mtb
infection of Cybb”-Caspasel/11’-macrophages resulted in the expected loss of IL1B
secretion but an unexpected change in other inflammatory cytokines and bacterial
control. Mtb infected Cybb--Caspasel/117- mice rapidly progressed to severe TB,
succumbing within four weeks to disease characterized by high bacterial burden,
increased inflammatory cytokines, and the recruitment of granulocytes that associated
with Mtb in the lungs. These results uncover a key genetic interaction between the

phagocyte oxidase complex and Caspasel/11 that controls protection against TB and
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highlight the need for a better understanding of the regulation of fundamental immune

networks during Mtb infection.

INTRODUCTION

Defense against infection requires the regulated activation of immune networks
that determine the magnitude and duration of the host response (1, 2). Dysregulation of
these immune networks contributes to increased susceptibility to infection and reduced
disease tolerance (3-5). During lung infections with Mycobacterium tuberculosis, pro-
inflammatory responses mediated by cytokines such as interleukin 1-beta (IL18), tumor
necrosis factor (TNF) and interferon-gamma (IFNy) must be strong enough to restrict
infection, while maintaining respiratory function and controlling tissue damage (5-9).
This balance is controlled by the tight regulation of cytokine and chemokine secretion to
effectively direct the inflammatory process and immune cell recruitment (10, 11).
Disruption of this balance contributes to progressive inflammatory tuberculosis (TB)
disease which results in over 1.5 million deaths each year (12). Understanding the
factors contributing to protection or susceptibility during Mtb infection is essential to
devise more effective therapies and immunization strategies.

TB susceptibility is controlled by a combination of bacterial, host and
environmental factors (13, 14). Many defined protective host genes comprise the
mendelian susceptibility to mycobacterial diseases (MSMD) (15). Patients with these
conditions have loss-of-function alleles in genes that are essential for protective host
responses such as IFNg signaling. Additional genes related to autophagy, reactive

oxygen and nitrogen species (ROS/RNS) production, and cytokine production are also
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protective in the mouse model of Mtb (16-19). However, while many genes are now
identified as protective against Mtb, the precise mechanisms by which they control
disease remains unclear.

One such protective mechanism is the ROS produced by the NADPH Phagocyte
Oxidase (20). In humans, Chronic Granulomatous Disease (CGD) in patients with
dysfunctional phagocyte oxidase complexes is associated with increased susceptibility
to mycobacterial infections (21). Mice deficient in the phagocyte oxidase subunit Cybb
control Mtb replication yet show defects in disease tolerance that result in a modest
reduction in survival following high dose Mtb infection (18, 22-24). The loss of Cybb
results in the hyperactivation of the NLRP3 inflammasome and exacerbated IL1[3
production by bone marrow-derived macrophages (BMDMs) and in vivo during murine
Mtb infection (18). This exacerbated IL1[3 can be reversed in BMDMs with chemical
inhibitors of NLRP3 or Caspasel. Caspasel is a critical component of the NLRP3
inflammasome and is responsible for the activation of mature IL1(, IL18, and
Gasdermin D (25, 26). However, while Mtb infection of Caspasel-deficient
macrophages results in loss of mature IL13 production, mice lacking Caspasel/11 have
no defects in IL13 and minimal changes in susceptibility to TB in vivo (27, 28). Even
though previous studies found clear links between phagocyte oxidase and the NLRP3
inflammasome that contribute to protection during Mtb infection, how these pathways
interact and regulate each other’s function remains unclear.

Here, we used a genetic approach to understand interactions between the
phagocyte oxidase and the inflammasome by generating Cybb/-Caspasel/117- animals.

Mtb infection of macrophages and dendritic cells from these animals reversed the
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exacerbated IL1B production that was responsible for failed tolerance in Cybb™ cells.
However, we found dysregulation of other pro-inflammatory mediators and reduced
bacterial control during infection of Cybb/-Caspasel/11-/- BMDMs. In vivo, we
uncovered a synthetic susceptibility with Cybb’-Caspasel/11”- animals succumbing
rapidly to TB disease within 4 weeks. We observed the loss of bacterial control and the
recruitment of permissive granulocytes in Cybb”-Caspasel/11-- that were not seen in
wild type, Cybb”- or Caspasel/11-/- animals. Thus, our results uncovered a previously
unknown genetic interaction between the phagocyte oxidase and the Caspasel
inflammasome that contributes to TB protection. Furthermore, our results highlight the
complexity of the interactions between immune networks that control Mtb susceptibility

and the importance of the regulation of inflammatory cytokines in the lung environment.

RESULTS

Loss of Caspase 1/11 results in decreased IL1B production in Cybb” phagocytes
Macrophages deficient in the phagocyte oxidase subunit Cybb hyperactivate the
NLRP3 inflammasome and produce damaging levels of IL1B during Mtb infection (18).
We developed a genetic model to understand the interaction between these genes by
generating mice deficient in both Cybb and Caspasel/11 in the C57BL6/J background.
We first examined the regulation of IL1B during Mtb infection in cells lacking Cybb-
Caspasel/117-. Bone marrow-derived macrophages (BMDMSs) from wild type, Cybb,
Caspasel/117-, and Cybb/-Caspasel/11”- mice were infected with Mtb H37Rv. 14 hours
later, the supernatants were removed from infected and uninfected control cells and the

levels of IL1 were quantified by ELISA. As previously shown, Mtb infected Cybb
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phagocytes secreted significantly more IL13 compared to wild type cells while
Caspasel/117 cells released nearly undetectable levels of IL1B (Figure 4.1A) (18).
Loss of Caspasel/11 in combination with Cybb resulted in no IL1[3 release, similar to
what was observed in Caspasel/117- macrophages. The experiment was repeated
using bone marrow-derived dendritic cells (BMDCs) and the results were consistent with
BMDMs. Cybb cells produce high levels of IL1B which is reversed in the absence of
Caspasel/11 (Figure 4.1B). These data show that loss of Caspasel/11 reverses the

elevated IL1B production observed in Cybb- deficient phagocytes infected with Mtb.

Cybb”-Caspasel/117- BMDMs dysregulate cytokines and Mtb control during
infection.

Both the ROS produced by the phagocyte oxidase and the immune pathways
regulated by the inflammasome can modulate the inflammatory state of macrophages
(29, 30). To better understand how the functions of Cybb and Caspasel/11 interact to
regulate inflammation, we infected BMDMs from each genotype with Mtb and we
guantified cell death and cytokine release via multiplex cytokine analysis. Over the 14-
hour infection, we observed no significant differences in cell death between any
genotype (Figure 4.2A). Similar to the ELISA above, we observed increased IL13
production by Cybb” macrophages which was reversed in macrophages from Cybb
Caspasel/117 mice (Figure 4.2B). While IL1a production was also increased by Cybb”"
cells, this was not reversed and was, in contrast to IL1[, exacerbated in Cybb
Caspasel/117-macrophages. The increased IL1a production was not due to loss of

Caspasel/11 alone, since Caspasel/11”- BMDMs produced nearly undetectable levels
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of IL1a following Mtb infection. Thus, IL1a production by BMDMs is exacerbated in the
absence of both Cybb and Caspasel/11.

The multiplex cytokine panel included a range of other inflammatory cytokines
that were compared between each macrophage genotype (Figure 4.2C). Most
cytokines, including TNF, RANTES and CXCL1 showed no significant difference
between any of the genotypes. However, IL6 and IL10 production were both
significantly increased by Cybb”- BMDMs which was further exacerbated by Cybb-
Caspasel/117 cells. Finally, CXCL2 was significantly increased only in Cybb--
Caspasel/117- macrophages. Taken together, Cybb”-Caspasel/11’- macrophages
dysregulate a range of inflammatory cytokines in response to Mtb infection.

Since the inflammatory milieu was altered during infection of Cybb’-Caspasel/11-
- BMDMs, we next tested if intracellular control of Mtb growth was compromised.
BMDMs from each genotype were infected with Mtb and growth was monitored using a
CFU assay. We observed no significant difference between genotypes in bacterial
uptake 4 hours following infection (Figure 4.2D). 5 days later we observed no change in
bacterial control in Cybb” or Caspasel/11”- BMDMs but found significantly more Mtb
growth in Cybb”-Caspasel/11/- BMDMs. These data suggest that the loss of Cybb and
Caspasel/11 together does not compromise cell survival but does result in less
effective Mtb control and dysregulated cytokine production that does not occur in either

knockout mouse genotype alone.
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Cybb”-Caspasel/117-mice are hyper-susceptible to Mtb infection

Our experiments in BMDMs showed that the loss of Cybb and Caspasel/11
together results in dysregulated host responses during Mtb infection. We hypothesized
that this dysregulation would result in changes to in vivo TB disease progression. To
test this hypothesis, wild type, Cybb”-, Caspasel/11-, and Cybb”-Caspasel/117 mice
were infected with Mtb by low dose aerosol. As mice were monitored during the
infection, we observed dramatic weight loss of Cybb”-Caspase1/11-- animals that
required almost all animals to be euthanized prior to 30 days post-infection (Figure
4.3A). In contrast, all other genotypes had gained weight over the same time of
infection. Survival analysis during these infections found that Cybb/-Caspasel/11”- mice
are highly susceptible to Mtb infection, with all animals requiring euthanasia earlier than
5 weeks post infection (Figure 4.3B). In contrast, wild type, Cybb”- and Caspasel/11/-
animals all survived beyond day 75 similar to previous studies (18, 27, 28). This
observation suggests a strong genetic interaction between Cybb and Caspasel/11 that

results in the synthetic hyper-susceptibility of animals to Mtb infection.

Mtb infection of Cybb”-Caspasel/117- mice results in increased bacterial growth
and inflammatory cytokine production.

We next sought to determine the mechanisms driving the susceptibility of Cybb-
Caspasel/117- animals. Wild type, Cybb”-, Caspasel/11”, and Cybb’-Caspasel/11-
mice were infected with H37Rv YFP by low dose aerosol, and 25 days later, viable Mtb
in the lungs and spleen were quantified by CFU plating (31). We observed similar

numbers of Mtb in wild type, Cybb-, and Caspasel/11-/- animals in both organs and in

133



line with previous reports (18, 27, 28). In contrast, over 10-fold more Mtb were present
in the lungs and ~5-fold more Mtb were present in the spleens of infected Cybb~-
Caspasel/117 mice (Figure 4.4A and 4B). We further characterized the cytokine
profile from infected lung homogenates using a Luminex multiplex assay. We found that
Cybb”-Caspasel/11’- mice express high levels of inflammatory cytokines including IL1a,
IL1B8, TNF, and IL6 but not IL10 (Figure 4.4C). We observed no significant differences
between Caspasel/117 and wild type mice, while in Cybb- mice we found increased
levels of IL1B but no other cytokines in line with previous studies (18, 27, 28). Thus,
mice deficient in both Cybb and Caspase 1/11 are unable to effectively control Mtb

replication and display hyperinflammatory cytokine responses.

Permissive granulocytes are recruited to the lungs of Cybb”Caspasel/117 mice
during Mtb infection.

The extreme susceptibility and increased Mtb growth observed in Cybb--
Caspasel/117- mice is similar to mice lacking IFNg or Nos2 (7, 31-33). Recent work
showed that the susceptibility of Nos2”- animals is driven by dysregulated inflammation
that recruits permissive granulocytes to the lungs which then allow for amplified Mtb
replication (33, 34). We hypothesized that similar responses may be associated with the
susceptibility of CybbCaspasel/117- mice during Mtb infection. To test this hypothesis,
we first analyzed the myeloid-derived populations of cells in the lungs and spleen of wild
type, Caspasel/11”/- Cybb” and Cybb”-Caspasel/11-/- animals infected with Mtb H37Rv
YFP by low dose aerosol for 25 days. While wild type and Caspasel/11”/- animals

showed indistinguishable distributions of cells, Cybb”- mice recruited more GR1"
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CD11b* neutrophils in agreement with our previous findings (Figure 4.5A and 5B) (18).
However, we observed a significant increase in the total number of GR1" CD11b* cells
in the lungs of Cybb’-Caspasel/117 mice. This population is consistent with the
permissive myeloid cells seen in mice that are highly susceptible to Mtb infection (33,
34).

If the recruited GR1™ CD11b* granulocytes in the lungs of Cybb”-Caspasel/11"-
mice are permissive for Mtb growth, we predicted these cells would harbor a
disproportionate fraction of intracellular Mtb in the lungs. To test this prediction, we
guantified the total YFP* infected cells from each genotype. We found an increase in the
total number YFP* cells only in Cybb/Caspasel/117 mice (Figure 4.5D). These data
show that the lungs of Cybb”-Caspase1/117- mice harbor more infected cells than wild
type or single knockout controls. We next examined the distinct cellular populations that
were infected with Mtb in each genotype. We found that over 40% of infected cells in
Cybb”-Caspasel/117- mice were found to be CD11b*GR1™ granulocytes a significant
increase compared to wild type, Cybb”’- and Caspasel/117 animals (Figure 4.5E and
5F). This represents a shift in the in vivo intracellular distribution of Mtb in Cybb-
Caspasel/117- mice. Altogether these experiments show that the susceptibility of Cybb
Caspasel/117-mice is associated with the recruitment of permissive granulocytes to the

lungs that harbor high levels of Mtb.

DISCUSSION

While the phagocyte oxidase is undoubtedly important for protection against Mtb,

the precise mechanisms by which it protects remain unclear (18, 21, 35, 36). In animal
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models, the loss of Cybb alone results in a loss of disease tolerance through increased
Caspasel activation (18). Our results show that phagocyte oxidase also contributes to
protection through a mechanism that is revealed only in the absence of Caspasel/11.
While loss of either Cybb or Caspasel/11 results in minor changes in survival,
combining the mutations resulted in a dramatic increase in susceptibility, similar to mice
lacking IFNg, Nos2 or Atg5 (7, 16, 17, 31). The synthetic susceptibility phenotype was
characterized by increased granulocyte influx and Mtb replication in the lungs. Whether
this susceptibility is a result of failed antimicrobial resistance, failed tolerance or both
remains to be fully understood. However, based on the genetic interaction, it is likely
that Cybb and Caspasel/11 control parallel pathways that regulate cytokine and
chemokine production and contribute to protection against TB.

While Mtb infection of both Cybb-- and Cybb”-Casp1/11” mice drives increased
granulocyte trafficking to the lungs, the properties of these cells are distinct. In Cybb
mice the granulocytes express high levels of GR1 and the distribution of Mtb infected
cells is unchanged compared to wild type mice. In contrast, granulocytes recruited to
the lungs of Cybb”-Caspasel/11- mice express intermediate levels of GR1 and are
associated with high levels of Mtb. A recent report characterizing the susceptibility of
mice deficient in Nos2 found that GR1™ granulocytes were long-lived, unable to control
bacterial growth, and were not suppressive even with increased IL10 production (33). In
humans, low density granulocyte populations are associated with severe susceptibility
to TB and may be analogous to these permissive GR1™ cells seen in susceptible mice
(37). It is possible that these granulocytes are not directly driving the susceptibility but

rather are associated with uncontrolled TB disease caused by other defects in the host
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response. Future work using depletion and conditional knockouts will be required to
understand how these changes in the cellular dynamics in Cybb”-Caspasel/11’- mice
contribute to susceptibility.

Our current model predicts that the phagocyte oxidase and Caspasel/11 control
the inflammatory state of myeloid cells during Mtb infection. When this control is lost,
the result is a failure of disease tolerance, which drives progressive disease and recruits
permissive granulocytes that modulate a feedforward loop of inflammation, Mtb growth,
and tissue damage. While the exact signals that recruit granulocytes to the lungs of
Cybb/-Caspasel/11” mice remain unclear, we observed dysregulation of IL6, CXCL2
and IL1a in Mtb infected Cybb”-Caspasel/11” macrophages. While the importance of
each cytokine to Cybb”-Caspasel/11- susceptibility will need to be examined
extensively, IL1a was the most significantly changed cytokine in Cybb/-Caspasel/11-
macrophages and in vivo. IL1a is known to be required for protection against Mtb, as
knockout mice are highly susceptible to disease (19, 38). Whether exacerbated IL1a
directly contributes to TB susceptibility remains to be fully understood. Several non-
mutually exclusive mechanisms could explain the dysregulation of IL1a and possibly
other cytokines. For example, there is evidence that changes in calcium influx and
mitochondrial stability directly control the expression and processing of IL1a (39). Thus,
Cybb or Caspasel/11 may modulate calcium flux and mitochondrial function during Mtb
infection that activate excessive IL1a production. Recent studies also suggest that
metabolic pathways control ROS production that is directly required for processing of
GSDMD which may link cellular metabolism to ROS signaling and inflammasome

function (40). There is also evidence of a direct interaction between the phagocyte
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oxidase subunits and Caspasel that modulates phagosome dynamics during
Staphylococcus aureus infection, but if this mechanism plays a role during Mtb infection
remains unknown (41). Ongoing work is focused on examining the contribution of each
potential mechanism to the susceptibility of Cybb/-Caspasel1/117- animals to better
understand the regulatory networks that control inflammatory TB disease.

One outstanding line of questions from our findings is the specificity of the
genetic interaction between Cybb and Caspasel/11. Both Caspasel- and Caspasell-
dependent pathways are activated during Mtb infection, yet the direct contribution of
either Caspasel or Caspasell to our observed susceptibility remains to be investigated
by individually generating either Cybb”-Caspasel” or Cybb/-Caspasell”’ animals (18,
42-44). Given the recent availability of clean Caspasel and Caspasell knockout mice,
we are in the process of developing these models for the future (45-47). In addition,
whether mutations in the inflammasome sensor NLRP3 or the adaptor ASC and other
subunits of the phagocyte oxidase recapitulate the susceptibility of CybbCaspasel/11-
I~-remain unknown. Further dissecting these specific genetic interactions between other
phagocyte oxidase and inflammasome components will help to elucidate the underlying
mechanisms controlling the susceptibility observed in Cybb/-Caspasel/117- animals.
Our discovery of a synthetic susceptibility to Mtb in Cybb”-Caspasel/117- mice was
serendipitous. As the susceptibility observed in Cybb”-mice was found to be due to
dysregulated Caspase1 activation and IL1 production, we initially hypothesized that
the combined loss of Cybb and Caspasel would reverse the tolerance defects found in
mice lacking the phagocyte oxidase and were surprised to uncover a synthetic

susceptibility. Since the phagocyte oxidase and inflammasomes are among the most
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studied pathways in immunology, our findings highlight a fundamental lack of
understanding of interactions between immune signaling networks that control
inflammation and immunity. To develop new host-directed therapeutics that could shorten
treatment times and improve disease control, it is critical to understand how these
interconnected networks function to protect against TB. A major obstacle in identifying
protective networks against Mtb is the redundancy among host pathways, which mask
important functions in single-knockout animals. A global understanding of genetic
interactions that impact key inflammatory networks during TB would significantly inform the
development of effective host-directed therapies or immunization strategies. Large-scale
genetic interaction studies are common in cancer biology and should be applied to immune
signaling networks during Mtb infection to better define these critical but currently unknown
mechanisms that control protection against TB (48). Altogether, these findings suggest
genetic interactions are key regulators of protection against Mtb with Cybb and

Caspasel/11 contributing together to protect against TB.

MATERIALS AND METHODS

Mice and Ethics Statement

Mouse studies were performed in accordance using the recommendations from the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
and the Office of Laboratory Animal Welfare. Mouse studies were performed using
protocols approved by the Institutional Animal Care and Use Committee (IACUC) in a
manner designed to minimize pain and suffering in Mtb-infected animals. All mice were

monitored and weighed regularly. Mice were euthanized following an evaluation of
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clinical signs with a score of 14 or higher. C57BL6/J mice (# 000664) and Cybb”- mice
(# 002365) were purchased from Jackson labs. Caspasel/11-- were a kind gift from
Katharine Fitzgerald and Cybb”-Caspasel/11-- were generated in-house. All mice were
housed and bred under specific pathogen-free conditions and in accordance with the
University of Massachusetts Medical School (Sassetti Lab A221-20-11) and Michigan
State University (PROT0202200127) IACUC guidelines. All animals used for

experiments were 6-12 weeks old.

Macrophage and dendritic cell generation

Bone marrow-derived macrophages and dendritic cells were obtained from the femurs
and tibias of sex- and age-matched mice. For BMDMs, cells were cultured in 10cm?
non-tissue culture treated petri dishes with 10 mls DMEM with 10% FBS and 20% L929
supernatant for 1 week. On day 3, the old media was decanted, and fresh differentiation
media was added. After 7 days of differentiation, cells were lifted in PBS with 10mM
EDTA and seeded in tissue-culture treated dishes in DMEM with 10% FBS with no
antibiotics then used the following day for experiments.

For BMDCs, cells were cultured in 10cm? non-tissue culture treated petri dishes with 10
ml DMEM with 10% FBS, L-Glutamine, 2 mM 2-mercaptoethanol and 10% supernatant
from B16-GM-CSF cells as described previously. After 7 days of differentiation, BMDCs
were further enriched by isolating loosely adherent cells removing F4/80* cells then
isolating CD11c* cells by bead purification following manufacturer’s instructions (Stem
Cell Tech). Cells were then plated in tissue culture treated dishes in DMEM with 10%

FBS then used the following day for experiments.
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Bone marrow-derived macrophage and dendritic cell infections and analysis.

PDIM positive H37Rv was grown in 7H9 medium containing 10% oleic albumin dextrose
catalase growth supplement and 0.05% Tween 80 as done previously (18). Prior to
infection, cultures were washed in a PBS- 0.05% Tween solution and resuspended in
DMEM with 10% FBS. To obtain a single cell suspension, samples were centrifuged at
200xg for 5 minutes to remove clumps. Culture density was determined by taking the
supernatant from this centrifugation and determining the ODeoo, with the assumption
that ODeoo = 1.0 is equivalent to 3x102 bacteria per ml. Bacteria were added to
macrophages for 4 hours then cells were washed with PBS and fresh media was added.
For cytokine analysis, at the indicated time points, supernatants were harvested and
centrifuged through a 0.2-micron filter. Supernatants were then analyzed by a Luminex
multiplex assay (Eve Technology) or by ELISA following manufacturer protocols (R&D).
For CFU analysis, at the indicated timepoints, 1% saponin was added to each well
without removing media to lyse cells while maintaining extracellular bacteria. Serial
dilutions were then completed in phosphate-buffered saline containing tween 80 (PBS-
T) and dilutions were plated on 7H10 agar. For cell death experiments, at the indicated
time points media was removed and a CellTiter-Glo assay (Promega) was completed

following manufacturer’s instructions.

Mouse infections and CFU quantification

For animal infections, H37Rv or YFP* H37Rv were resuspended in PBS-T. Prior to
infection, bacteria were sonicated for 30 seconds, then delivered into the respiratory

tract using an aerosol generation device (Glas-Col). To verify low dose aerosol delivery,
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a subset of control mice was euthanized the following day. Otherwise the endpoints are
designated in the figure legends. To determine total CFU in either the lung or spleen,
mice were anesthetized via Carbon Dioxide asphyxiation and cervical dislocation. the
organs were removed aseptically and homogenized. 10-fold serial dilutions of each
organ homogenate were made in PBS-T and plated on 7H10 agar plates and incubated
at 37C for 21-28 days. Viable bacteria were then counted. Both male and female mice
were used throughout the study and no significant differences in phenotypes were

observed between sexes.

Flow Cytometry

Analysis of infected myeloid cells in the lungs was done as previously described (13,
33). In short, lung tissue was homogenized in DMEM containing FBS using C-tubes
(Miltenyi). Collagenase type IV/DNasel (Sigma) was added, and tissues were
dissociated for 10 seconds on a GentleMACS system (Miltenyi). Lung tissue was then
oscillated for 30 minutes at 37C. Following incubation, tissue was further dissociated for
30 seconds on a GentleMACS. Single cell suspensions were isolated following passage
through a 40-micron filter. Cell suspensions were then washed in DMEM and aliquoted
into 96 well plates for flow cytometry staining. Non-specific antibody binding was first
blocked using Fc-Block. Cells were then stained with anti-GR1 Pacific Blue, anti-CD11b
PE, anti-CD11c APC, anti-CD45.2 PercP Cy5.5 (Biolegend). Live cells were identified
using zombie aqua (Biolegend). No antibodies were used in the FITC channel to allow
guantification of YFP* Mtb in the tissues. All experiments contained a non-fluorescent

H37Rv infection control to identify infected cells. Cells were stained for 30 minutes at
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room temperature and fixed in 1% Paraformaldehyde for 60 minutes. All flow cytometry
was run on a MACSQuant Analyzer 10 (Miltenyi) and was analyzed using FlowJo

version 9 (Tree Star).

Statistical Analysis

Statistical analyses were performed using Prism 10 (Graph Pad) software as done
previously (18, 49). Statistical tests used for each experiment are described in each

figure legend along with symbols indicating significance or no significance.
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FIGURES

Figure 4.1 Exacerbated IL1B following Mtb infection of Cybb” myeloid-cells is
dependent on Caspasel/11l. (A) BMDMs or (B) BMDCs from wild type, Caspasel/11-
I-, Cybb”- and Cybb”Caspasel/117 mice were left uninfected or infected with Mtb
H37Rv at an MOI of 5. The following day IL13 was quantified from the supernatants by
ELISA. Each point represents data from a single well from one representative
experiment of three. *** p<.001 by one-way ANOVA with a tukey test for multiple
comparisons.
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Figure 4.2 Cybb”Caspasel/11’- macrophages are hyperinflammatory and
permissive to bacterial growth during Mtb infection. (A) BMDMs from wild type,
Caspasel/117, Cybb” and Cybb”-Caspasel/11’ mice were left uninfected or were
infected with Mtb H37Rv at an MOI of 5. The following day, total viable cells were
guantified in each infection condition and normalized to uninfected control cells. Shown
is percent viability of infected cells compared to uninfected cells of the same genotype.
(B) BMDMs from wild type, Caspasel/117-, Cybb” and Cybb’-Caspasel/11”- mice were
infected with Mtb H37Rv at an MOI of 5. The following day, cytokines from the
supernatant were quantified by Luminex multiplex assay. Shown are results for IL1
and IL1a, and (C) other indicated cytokines (TNF, CXCL1, RANTES, IL6, IL10, and
CXCL2). (D) BMDMs from wild type, Caspasel/11”-, Cybb”- and Cybb’-Caspasel/11-
mice were infected with Mtb H37Rv at an MOI of 1. At the indicated timepoints, cells
were lysed and viable Mtb CFU were quantified. In all experiments, each point
represents data from a single well and shown is mean */- SD from one representative
experiment of two or three similar experiments. * p<.05 ** p<.01 NS no significance, by
one-way ANOVA with a tukey test for multiple comparisons.
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Figure 4.2 (cont’d)
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Figure 4.3 Cybb”Caspasel/11’ mice rapidly succumb to pulmonary Mtb infection.
Wild type, Caspasel/117-, Cybb”- and Cybb”-Caspasel/11” mice were infected with
Mtb H37Rv by the aerosol route in a single batch (Day 1 50-150 CFU). (A) Change in
mouse weight from Day 0 to 24 days post-infection was quantified. Data are from one
experiment and are representative of three similar experiments. Statistics were
determined by a Mann Whitney test **p<.01. (B) The relative survival of each genotype
was quantified over 75 days of infection. Data are pooled from two independent
experiments. Statistics were determined by a Mantel-Cox test *** p<.001.
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Figure 4.4 Cybb”’Caspasel/11’ mice do not control Mtb growth and are
hyperinflammatory. Wild type, Caspasel/117-, Cybb” and Cybb”-Caspasel/11- mice
were infected with Mtb H37Rv YFP by the aerosol route in a single batch (Day 1 50-100
CFU). Lungs and spleen were collected at 25 days post-infection and used to quantify
bacterial CFU. (A) Bacterial burden in the lungs and (B) spleens of mice are shown. (C)
Concentrations of cytokines in lung homogenates from infected mice were quantified
(IL1a, IL1B, IL6, TNF, IL10 and RANTES). Each point represents a single mouse, data
are representative of one experiment from three similar experiments. * p<.05 ** p<.01
NS no significance, by one-way ANOVA with a tukey test for multiple comparisons.
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Figure 4.4 (cont’d)
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Figure 4.5 GR-1"t granulocytes are recruited to the lungs and are associated with
Mtb during infection of Cybb”-Caspasel/11”- mice. Wild type, Caspasel/117-, Cybb-
and Cybb’-Caspasel/117 mice were infected with Mtb H37Rv YFP by the aerosol route
in a single batch (Day 1 50-100 CFU). Lungs were collected at 25 days post-infection
and single cell homogenates were made for flow cytometry analysis. (A) Shown is a
representative flow cytometry plot of total lung granulocytes based on CD11b and GR1
staining (Gated on live CD45.2* single cells). Gates indicate CD11b* GR1" or CD11b*
GR1" granulocytes present in the lungs. (B) The percent of gated cells (live CD45.2*
single cells) that were CD11b* GR1" and (C) CD11b* GR1" were quantified. (D) The
total number of H37Rv YFP* cells were quantified from each mouse lung following
gating on live, CD45.2* single cells. (E) The percent of gated H37Rv YFP™ cells that
were CD11b* GR1" were quantified. (F) Shown is a representative flow cytometry plot
of H37Rv YFP* infected granulocytes (Gated on live CD45.2* YFP* single cells). Gates
indicate CD11b* GR1" or CD11b* GR1™ granulocytes present in the lungs. Each point
represents a single mouse and data are representative of one experiment from three
similar experiments. * p<.05 ** p<.01 by one-way ANOVA with a tukey test for multiple
comparisons.
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Figure 4.5 (cont’d)
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Respiratory infections and non-communicable chronic respiratory diseases
account for 2 of the top 5 causes of death worldwide, with a global burden of 3.59
million and 3.54 million deaths caused per year, respectively(1, 2). Research directed at
preventing or curing these diseases has been impeded by an inability to accurately
study pulmonary immune cell populations in an efficient, cost-effective manner. In these
studies, | developed a novel cell system to model the alveolar macrophage and
employed genetic interaction studies to identify a novel immune network that is critical
for protection to Mycobacterium tuberculosis infection.

We began by creating an ex vivo alveolar macrophage cell model that enabled
us to bypass the current obstacles in studying AM biology and explore AM-specific
regulation of cellular processes such as metabolism, cell survival, and inflammation. We
identified TGF-B as being necessary for the development and long-term stability of
these cells and, for the first time, successfully implemented a CRISPR-Cas9-mediated
loss-of-function forward genetic screen in a primary, alveolar macrophage-like cell
model. We used this forward genetic screen, and functional genetic studies, to begin to
uncover AM-specific biological processes and inflammatory responses. We then
explored the impact of TGF-B on the inflammatory processes in these cells. Given the
ubiquity and importance of TGF-f in the lung and in AM development and maintenance,
understanding how it shapes AM biology will allow us to better identify the impacts of
variable TGF-B levels in the lungs. We uncover an unexpected role of TGF-B in TLR2
signaling, resulting in a novel method of IFN-B production mediated through MAVS and
IRF3/7, further highlighting the uniqueness of pulmonary inflammatory responses. To

conclude this work, we investigated genetic interactions between the NADPH phagocyte
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oxidase and the inflammasome during Mtb infection in an effort to further understand
how these seemingly distinct immune mechanisms interact to protect against pulmonary
TB. We discovered, surprisingly, that while loss of either the phagocyte oxidase or
catalytic component of the inflammasome, Caspasel, resulted in no changes to
susceptibility during early infection, animals lacking both components were extremely
susceptible to disease. This susceptibility was characterized by an altered cytokine
environment and infiltrating, permissive neutrophil recruitment to the site of infection.
This study highlights the necessity for genetic interaction studies for us to identify
potentially parallel pathways that are critical for defense against Mtb.

The development of the FLAM model opens the door for extensive exploration of
the previously elusive alveolar macrophage. Given that the AM is the primary phagocyte
in the lungs, and potentially the first cell that many pathogens encounter, FLAMs could
be used to build a more physiologically relevant understanding of host-pathogen
interactions of other pathogens that cause pulmonary disease in addition to
Mycobacterium tuberculosis. Specifically, we have been studying FLAM responses to
Mycobacterium abcessus (Mab), a rare but deadly lung and skin pathogen that is
notoriously recalcitrant to treatment, in parallel with Mtb to learn more about the shared
and unique factors of pathogenesis that may help us better understand the mechanisms
that contribute to, and fail to contribute to, protection during infection. The FLAM cell
model is also currently in use by groups studying mechanisms of disease for other
bacterial and fungal lung pathogens. With the scale and efficiency that these
collaborators and ourselves can now work with while exploring AM-pathogen

interactions, we will be able to synthesize our findings into a more comprehensive,

160



general understanding of lung inflammation and apply these findings to approach future
studies with a more informed research strategy. Furthermore, with the use of FLAMs in
numerous research spaces, we will also begin to build a better understanding of
differences between these cells and many other cell models that have been previously
used to study macrophage responses to pathogens. Parallel infections between FLAMs
and other macrophage models would not just improve our understanding of pulmonary
responses to these pathogens but allow us to further appreciate the unique
mechanisms by which AMs regulate inflammation.

Independent of host-pathogen interactions, this model can also be used to
explore AM biology at homeostasis and uncover both what makes these cells so unique
and exactly how unique they are from other cell types. Alveolar macrophages are
known to rely on fatty acid metabolism and oxidative phosphorylation as their primary
means of energy generation(3, 4). It is thought that this metabolic distinction from
BMDMs, which primarily use glycolysis unless directed otherwise, plays an important
role in the unique inflammatory profile of AMs(5, 6). In our initial genetic screen for
regulators of SiglecF to identify pathways necessary for maintaining the AM-like state,
we discover that components of the peroxisome biogenesis, cytochrome p450, and
oxidative phosphorylation pathways were necessary for SiglecF surface expression.
Each of these pathways is directly linked to either fatty acid oxidation or oxidative
phosphorylation and suggest similarities between FLAM and AM metabolism(7-10).
Peroxisome biogenesis is particularly interesting, as peroxisomes are not only intimately
linked with numerous stages of lipid oxidation and biosynthesis but are also able to

generate NADH and acetyl-CoA for use in oxidative phosphorylation(11, 12).
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Additionally, ongoing work investigating mitochondrial respiration in our model suggests
a unique sensitivity of FLAMs to disruption of the electron transport chain and CPT1, an
essential enzyme in fatty acid oxidation (data not shown). These findings highlight fatty
acid metabolism and mitochondrial respiration as key contributors to AM biology.
Further studies exploring AM metabolism are necessary to fully understand the role of
these pathways and how they specifically contribute to AM immune activation. The
prevalence of fatty acid metabolism in AMs is not surprising, given the lipid-rich
environment in which AMs reside. Current strategies culturing AMs and FLAMs ex vivo,
however, employ traditional cell culture media with a defined nutrient and chemical
composition, with added serum. While these conditions permit acceptable AM-like
phenotypes ex-vivo, they do not recapitulate the levels of lipids in the lungs and prevent
us from exploring relevant lipid metabolism in these cells. To better understand AM
metabolism in a physiologically relevant setting, future studies will explore
supplementing culture media with defined surfactants and measuring cellular processes
such as replication, cell survival, and inflammatory responses. Mitochondrial respiration
should also be more explicitly studied as an essential metabolic process in these cells.
Recently, linezolid (an oxazolidinone antibiotic that is used to treat bacterial infections,
but also inhibits mammalian mitochondrial ribosomes) was used to deplete
mitochondrial mass within macrophages to study the impact of mitochondria on
inflammatory responses(13-16). This strategy, in addition to commonly used staining
practices to measure total mitochondria and mitochondrial-derived ROS (a byproduct of
mitochondrial respiration) can be used to effectively study the prevalence and activity of

mitochondria in FLAMSs.
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Among macrophages, AMs are distinctive not only in their means of energy
generation but also in their ability to self-propagate(3, 5, 17-19). These differences in
core cellular processes suggests that these cells also likely have unique requirements
for viability. Numerous studies have defined essential genes in various cell types using
the previously described CRISPR-Cas9 loss of function screening approach(20-23).
This strategy could likewise be employed in FLAMSs to identify essential genes in AMSs.
This is done by generating a genome-wide loss of function library and maintaining the
library in culture over time. As the library is maintained, genomic DNA is sampled at
numerous timepoints and sequenced. This allows us to track the relative abundance of
each sgRNA in the population over time. As the library is passaged, sgRNAs that
disrupt genes that are essential or are positive regulators of replication will become less
abundant relative to genes that have no effect on replication or growth suppressors. By
comparing these abundances at each timepoint, we can identify which sgRNAs become
less abundant over time or were never identified in the library at any timepoint. The
utility of genetics screens in this model do not end with identifying essential genes,
however. Genetic screens have been performed extensively in BMDMs and BMDM-
models to identify novel regulators of numerous cellular and immune-based
processes(23—-31). These studies provide the ideal groundwork to replicate genetic
screens in the FLAM model, to systematically and efficiently identify AM-unique
regulators of many important processes. Furthermore, the GenomeCRISPR database
offers a valuable resource to compare regulators identified in FLAMs with data from

>500 other, published CRISPR/Cas9 screens in hundreds of different cell types(32).
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Together, these strategies and resources will allow us to elucidate the AM-specific
regulation of numerous, key biological processes.

A significant drawback to studies in murine models is the lack of genetic diversity.
While human populations possess significant genetic diversity across our genome,
nearly all murine models are clonal and inbred, meaning that there is no genetic
diversity within the studied populations. While this is ideal for gathering consistent and
replicable results, it limits the translatability of any findings to human health and
disease. To address this and create human-like randomized genetic diversity in a
mouse population, the Collaborative Cross (CC) model was created(33). This model
involves randomized breeding between 8, genetically distinct founder strains, followed
by multiple generations of interbreeding to create hundreds of recombinant inbred
mouse lines that each possess a random assortment of alleles from each of the eight
founder strains. This distribution of alleles between the strains allows for determination
of allelic contributions to phenotypes through analysis of such phenotypes and
correlation of the phenotypes with the allelic combinations present in mice of
interest(34, 35). While a powerful tool to model human genetic diversity, a major
limitation is the high cost of resources and time to acquire and maintain the mice
necessary to make full use of the CC model. Previously, studies of lung health and
disease using this model would nave necessitated repeated isolation of AMs from each
mouse line. Given the already established limitations of studies using AMs, attempting
to employ the CC model with AMs would require a massive quantity of time and
resources, rendering this approach untenable. The FLAM model, however, addresses

these concerns: our ability to generate large numbers of cells and frozen stocks from a
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single isolation means that instead of expanding and maintaining a significant colony for
each CC line, we instead would need a single viable breeder pair for each line, all but
obliviating the previously mentioned limitations of the CC model. Combining the CC
model with the FLAM cell model would allow us to study the contributions of various
alleles in the context of lung health and disease, potentially allowing for more relevant,
informative, and impactful findings.

Perhaps the most exciting future direction from these studies is the use of the
FLAM model in vivo through adoptive transfers. Currently, studying AM-specific
knockouts in vivo requires the careful and lengthy process of breeding mice with a
“floxed” gene of interest with mice containing a Cre-recombinase on a gene expression
by AMs (and ideally no or few other tissues). Limitations of this approach include
availability of Cre and “floxed” mice for the tissue/genes of interest, respectively, and the
time commitment to the multiple generations of breeding that are necessary to generate
the appropriate Cre-lox mouse. Furthermore, an AM-specific Cre mouse does not exist,
and we are limited to using Cre-mice that affect multiple immune cell populations (such
as dendritic cells in Cd11c-Cre and all myeloid cells in LsyM-Cre). Alternatively, with
the efficiency and accuracy of CRISPR/Cas9 loss-of-function gene editing that is
possible in the FLAM model, | hypothesize that we will be able to create mutants of
interest in FLAMs ex vivo, and adoptively transfer those cells into the lungs of mice.
Previous studies have displayed that transfer of macrophages into the lungs is possible,
and that these transferred macrophages populate the lung, adapt to the environment,
and persist as a pulmonary macrophage population(36—39). Transferring FLAMs in the

lungs of WT mice would permit rapid, low-cost analysis of the function of AM-specific
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knockouts in vivo. Inversely, a possibility that is unique to this strategy is the potential to
transfer WT FLAMSs into the lungs of mice that are mutated for a gene of interest and
lacking resident AMs. This two-pronged approach would allow us to definitively
investigate the impact of genes specifically in AMs in vivo with a previously impossible
efficiency and rigor.

The use of in vivo transfer of FLAMs into the lungs would also further refine our
screening approach in identifying genes that contribute to protection during disease.
While our ex vivo culture conditions and genetic screening strategies have enabled us
to discover new facets of lung biology and inflammatory responses, we are likely not
fully appreciating the complexity and importance of the lung environment and how it
may impact AMs and their responses. In vivo screening for phenotypes of interest, such
as inflammatory cytokine responses or bacterial control would be the gold standard for
identifying genes that control immune responses during disease. The use of CRISPR
sub-libraries would allow us to transfer a defined pool of FLAMs mutated for genes of
interest, perform an experiment, extract the mutated FLAMs, and use flow cytometry
and next-generation sequencing to identify physiologically relevant gene candidates for
follow-up studies. This in vivo screening strategy would permit high-confidence
identification of mechanisms of pathogen response in the lungs.

Independent of strictly AM biology, our studies identifying and dissecting the
novel genetic interaction between the phagocyte oxidase and Caspasel highlight the
importance of such studies in uncovering protective host pathways during response to
Mtb. A challenge in identifying novel mechanisms of immune protection during disease

is the relevance of unidentified, redundant pathways for particularly critical immune
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processes. We can use the CRISPR/Cas9 genetic screening approach described in
Chapter 2 to address this obstacle in an unbiased way. By screening for a immune-
based phenotype (cytokine production, bacterial growth, bacterial uptake, etc) using a
loss-of-function library built into macrophage background knocked out for a central
immune component that on its own doesn’t appear to play a large roll (such as
Caspasel or the phagocyte oxidase), we will be able to identify novel genetic
interactions that are essential to protection in an unbiased, large scale manner. Such a
model could be built into a FLAM and/or iBMDM model with little effort, and parallel
genetic screens by this method would inform follow-up studies regarding myeloid-
derived macrophage -based immune responses, AM-based immune responses, and the
shared and unique regulation that these populations have over vital protective
mechanisms.

In the above-described studies, | illustrate a series of studies and future
directions that will further our understanding of physiologically relevant immune
responses to lung inflammation and Mycobacterium tuberculosis. By setting out to
create an improved alveolar macrophage cell culture system before exploring Mtb
pathogenesis and host responses, | was able to uncover novel regulators of lung
biology regarding the AM-state at baseline, and AM-specific inflammatory responses.
Leveraging this model with iterative genetics approaches will allow us to explore the
relatively uncharted territory of alveolar macrophage genetic regulatory mechanisms to
disease. We will be able to employ these strategies and their findings to identify future
targets for Mtb host-directed therapy and contribute in a meaningful way to our ability to

prevent and cure tuberculosis.
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