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ABSTRACT

Early immunity to Mycobacterium tuberculosis: new insights into macrophage heterogeneity and
vaccine-mediated responses

Jared L. Delahaye
Doctor of Philosophy in Immunology
University of Washington, 2019

Dr. Kevin B. Urdahl, Chair

Tuberculosis (TB), caused by the bacteria Mycobacterium tuberculosis (Mtb), kills more
individuals than any other single infectious agent. The only approved vaccine, BCG, poorly
prevents the spread of disease, highlighting the fact that new vaccines are needed to eradicate
TB. These efforts would benefit from a mechanistic understanding of how immunity to TB can
be achieved as well as insight into the barriers that restrict immunity. However, a number of
gaps in our knowledge of TB immunity remain. In particular, the interaction between Mtb and its
target cell, the macrophage, during the early stages of infection remains incompletely
understood. Here, we characterized the distinct response programs which are initiated in lung-
resident alveolar macrophages (AM) and lung-infiltrating monocyte-derived macrophages
(MDM). We find that infected AM harbor many more Mtb bacilli than infected MDM during
both the innate and adaptive phases of the immune response. Using RNA-seq, we identified
multiple differentially expressed pathways between the two cell types. While infected MDM
upregulate canonical proinflammatory signaling pathways associated with Mtb control, infected
AM are enriched for pathways relating to proliferation and fatty acid metabolism. Additionally, a
number of genes relating to phagosome maturation and nitric oxide production were also

differentially expressed. However, validation studies using gene knockout animals did not



support a cell-intrinsic, protective role afforded by these genes. In addition to these host studies,
we also investigated the transcriptional response of the Mtb itself. Here we found that Mtb in
MDM have a transcriptional signature associated with late hypoxia, a known Mtb stress
condition.

We next used a mouse model of prior BCG immunization in order to understand how this
vaccine alters early Mtb immunity. Here we found that BCG promotes a dramatic shift in the cell
types targeted for Mtb infection. While AM are the major infected cell for the first two weeks of
Mtb infection in unimmunized animals, BCG promotes the accelerated transfer of bacteria into
neutrophils and MDM. To determine the requirements for this transfer, we characterized the
dynamics of the T cell response using tetramers. BCG-specific CD4 and CDS8 T cells were
present in the lungs of immunized animals prior to infection, and as early as D10 post-infection,
there were 5-fold more of these cells compared to controls. Using T cell-depleting antibodies, we
found that the transfer of infection out of AM was dependent on CD4, but not CD8, T cells yet
did not require infected AM-intrinsic antigen recognition. Finally, using confocal microscopy,
we saw that Mtb-specific T cells were first activated in lung regions devoid of infected cells.
Importantly, these events preceded BCG-induced control of the bacterial burden, which occurred
only after the co-localization of T cells and infected cells.

Together, these studies further our understanding of the early immune response to Mtb.
Specifically, they show that the cell types targeted for infection differ profoundly in their ability
to control Mtb. In addition, vaccination begins to shape immunity much earlier than previously
appreciated by accelerating the infection of recruited macrophages, however, the delayed
colocalization of T cells with infected cells in the lung represents a barrier to vaccine-induced

immunity. These results could help to inform more rationale vaccine design for TB.
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CHAPTER 1: INTRODUCTION
Tuberculosis and Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is a pathogenic bacteria which is the causative agent
of the disease tuberculosis (TB). Mtb has co-evolved with humans for thousands of years (1) and
today kills more people than any other single infectious agent (2). There were over 10 million
cases of TB reported in 2017 and 1.6 million deaths, with the majority occurring in Southeast
Asia and sub-Saharan Africa (2). These staggering numbers are all in the context of the
development and widespread use of a TB vaccine (BCG) for almost a century, and multi-drug
antibiotic therapy for over 65 years (3).

Although historically TB has affected people all over the world without regard for
socioeconomic status, today it is primarily a disease of the poor, with the vast majority of new
cases occurring in low-income countries (4). Poverty directly contributes to the spread of TB
through factors such as crowded living conditions, inadequate diagnostic resources, as well as
elevated levels of other ailments that create an elevated risk of TB (HIV, malnutrition).

The mycobacterial genus includes over 100 species that mainly consist of environmental
saprophytes (organisms that live on dead/decaying organic material). Other than Mtb, the species
M. leprae, and M. ulcerans are also human pathogens (5). Additionally, M. bovis and M.
marinum are animal pathogens which have played a critical role in vaccine research as well as
the development of animal models of Mtb infection (6, 7). Mtb and most other pathogenic
Mycobacteria are characterized by an extremely slow growth rate as well as the production of
complex lipids which are incorporated into the bacterial cell envelope (8).

TB is primarily a disease of the lungs, the portal of entry for infection, although the

bacteria is capable of disseminating and infecting many other sites within the body (2).



Pulmonary disease generally presents with the following symptoms: cough, fever, night sweats,
and weight loss. When patients present with these symptoms, they are considered to have “active
TB”. This is contrasted with latent TB infection (LTBI). LTBI patients have immunologic
evidence of exposure to Mtb, but are asymptomatic and not contagious. For years, it has been
widely believed that most, if not all, of these individuals harbor viable Mtb that is suppressed by
the immune system, but have the potential to reactivate and cause active TB. However, a recent
review has challenged this assumption by highlighting studies which show that most active TB
develops within 1-2 years of exposure, and that true reactivation disease that occurs many years
after exposure is rare (9). They argue that Mtb eradication may occur more commonly than often
assumed, and that most cases of active TB in patients with “L'TBI” in TB endemic regions may

be due to a recent exposure rather than reactivation from an infection occurring many years ago.

Diagnosing tuberculosis

There are a number of TB diagnostics that can be used to identify infection. Sputum
smear microscopy can be performed quickly and with relative ease in low-resource settings.
However, this technique has limited sensitivity and cannot distinguish between different
mycobacterial species (which can be prevalent in the environment) (10). The WHO recommends
that initial diagnosis be confirmed with a molecular test, such as the GeneXpert MTB/RIF,
whereby nucleic acid sequences specific to Mtb are amplified and detected (11). This test has
high sensitivity, high specificity and can even provide information about bacterial drug
resistance. Unsurprisingly, it is also much more expensive, which makes deployment in the low-
resource settings where TB is prevalent more difficult (12). Another important, but slow,

diagnostic is liquid culture, which also allows for drug resistance testing. All of the above



described diagnostics rely on the detection of the bacteria itself and are thus used to diagnose
active TB. Another type of test can be used to detect whether individuals have been exposed to
Mtb bacteria by measuring the host immune response. This test, QuantiFERON-TB Gold (QFT),
involves combining host immune cells with Mtb antigens and measuring whether this results in
IFN-v production by T cells (13). Because this test does not measure the bacteria, it is restricted
to identifying individuals who have been infected in the past and who either may, or may not,
continue to harbor the bacteria in their bodies. Although individuals with a positive QFT test are
often said to have LTBI, the proportion that actually harbor viable Mtb in their bodies is
controversial. The current convention is to define LTBI as patients who test positive for QFT but
from whom live bacteria cannot be cultured. While these diagnostic differences between active
and latent TB appear clear cut, TB exposure may exist on a spectrum (14). Part of the trouble
with defining TB exposure relates to the difficulty in accessing the primary site of infection (the
lung). Thus, some tests, like the QFT, monitor a peripheral site (blood) as a proxy for the lung.
While this is capable of measuring the presence of adaptive immune cells which can recognize
Mtb, thus confirming prior exposure, it is much harder to assess if there are live bacteria (and if
so, how many) in the lung. Although there has been some success in predicting risk of TB
progression by assessing transcriptional profiles from whole blood (15), antibody responses,
which are quite useful in the context of other disease diagnostics, have had more limited success,
although a recent paper indicates that there may be structural differences in the antibodies of

certain patient groups (16).



The BCG vaccine

BCG, the sole TB vaccine currently approved for human administration, was developed
nearly a century ago by Albert Calmette and Camille Guerin in France. The vaccine consists of a
live, attenuated version of M. bovis (17). This attenuation was achieved by passaging the bacteria
in vitro for over a decade until key virulence properties were lost (18). The idea of inducing
protection from disease by inoculating individuals with a related pathogen was linked to the
earlier development of the smallpox vaccine from the related cowpox virus. To this day, BCG is
administered at birth in much of the world (2). Unfortunately, the protection from TB provided
by BCG is wildly variable. TB infection in infants and young children is often disseminated
(occurring throughout the body), while most immunocompetent adults have disease that is
largely restricted to the lungs. While BCG is quite effective at preventing disseminated disease,
commonly seen in young children, its ability to confer protection against adult lung disease is
more variable. Some studies have demonstrated up to 80% protection, while others have shown
absolutely no protection (19). One factor that may explain this variability is geographic location
as there is a correlation between the degree of protection and global latitude. This could relate to
the exposure to nontuberculous mycobacteria, which are more prevalent in tropical regions
where BCG protection tends to be poor (20, 21). Additionally, BCG has been hijacked as a
cancer therapeutic due to its potent immunogenicity and has had particular success in the
treatment of bladder cancer (22). This heterologous use of BCG also extends beyond cancer, as
clinical trials have demonstrated non-specific effects of BCG which reduce childhood mortality
(23), an effect that has been postulated to be due to the ability of BCG to induce “trained innate
immunity” (24, 25). Because BCG immunization reduces childhood mortality broadly, beyond

the protection it confers against Mtb infection, most experts believe that BCG will remain a



component of the vaccine regimen against TB (26). Indeed, many of the current TB vaccine
candidates are designed as boosters on top of prior BCG immunization. The goal is that a new
vaccine would prevent TB transmission. Recently, a phase II trial was conducted with an
adjuvanted subunit vaccine: M72/ASOle, in LTBI adults (27). This vaccine had 54% efficacy in
preventing active TB, and importantly, most of the trial participants had previously been BCG

vaccinated.

Therapeutics for tuberculosis

The development of TB therapeutics began in 1944 when two mycobactericidal
antibiotics were discovered: streptomycin and para-aminosalicylic acid (PAS) (28).
Unfortunately, drug resistant Mtb were already emerging in the first clinical trial for
streptomycin, while dual therapy was more successful (29, 30). In addition to drug resistance,
the length of treatment was initially quite long at 2 years. Over the decades, new therapeutics
have been discovered and added to the regimen, and clinical trials testing treatment length have
resulted in shorter treatment. Today, the WHO recommends a 6 month treatment for drug
susceptible TB with 4 frontline drugs: INH, rifampin, prazinamide, and ethambutol (31). Due to
the requirement for 6 months of treatment, adherence can be difficult to maintain. This can be
especially problematic if patients begin to feel better due to the effects of the treatment and
exhibit poor adherence. In this case, it is possible that live Mtb remain in the body and could lead
to the development of drug resistance. Drug resistant TB cases are on the rise, as 30% of
individuals treated in 2017 had rifampin-resistant TB (2). The treatment of drug resistant TB

requires additional drugs for an even longer time.



The host immune response to Mtb infection

Mtb infection is initiated when aerosolized water droplets containing Mtb from a person
with active TB are coughed up and inhaled by another person (14). These Mtb-containing
droplets travel down the airway until they reach terminal alveoli, the small round air sacks which
facilitate gas exchange. This anatomical site is home to alveolar macrophages (AM), a tissue
resident phagocyte that is important in the surveillance of the lung mucosal barrier (32). AM
develop from embryonic yolk sac-derived cells that seed the lung soon after birth (33). At steady
state, this population is maintained in sifu, although in some situations blood monocytes can
contribute to the AM pool (34). These cells play a maintenance role in the alveolar space in part
by metabolizing surfactant proteins (35). The importance of this is exemplified by the rare
disease pulmonary alveolar proteinosis, whereby surfactant is not properly turned over and
builds up (36). This is caused by dysregulation in GM-CSF production, an important AM
survival signal (37). Given their positioning in the lung, AM act as the first immune cell to
encounter inhaled particles and pathogens. While AM have been shown to play a protective, anti-
inflammatory role in the context of some bacterial infection models (38, 39), their importance
during viral infection is less clear. Depletion of AM has been demonstrated to improve the
response to human metapneumovirus, while worsening the response to respiratory syncytial virus
or influenza (40, 41). In addition, AM may also be important during allergic asthma (42). Due to
the positioning of AM at both a location of critical importance to lung function and a site of
pathogen invasion, this cell must balance the ability to initiate a sufficient immune response
during infection, but also restrained enough to minimize organ damage. This balancing act is

reflected in the broad array of both activating (TLR4, TNFR, IFNGR) and inhibitory (IL-10R,



TGFBR, CD200R) cell surface receptors expressed by the AM (32). Another unique feature of
the AM is its use of lipid metabolism. This cell type highly expresses the transcription factor
PPARY, which coordinates the expression of genes involved in the metabolism of lipids (43).
The importance of this transcription factor is highlighted by a report that macrophage-specific
deletion of PPARY leads to spontaneous lung inflammation (44). In addition, these mice also
cannot control lung bacterial infection, lending evidence to the idea that PPARY is critical in
imbuing AM with the proper functions in the lung. Although it has long been assumed that AM
are the first cell type to be targeted for Mtb infection, this has only recently been demonstrated
experimentally (45). Here, AM were seen to be the predominant infected cell type for the first 2
weeks of infection. During this time, the infected AM relocalize from the alveolar space to the
lung interstitium, which represents a critical step in the spread of bacteria to other phagocytes
that reside or are recruited here. Other studies have demonstrated that AM may be a permissive
cell type for Mtb replication when compared to other types of macrophages (46). In support of
this, a recent, detailed transcriptional time course of infected AM revealed a surprising paucity of
proinflammatory response programs (47).

Following infected AM relocalization, one of the next cell types that becomes infected
are neutrophils (PMN). PMN are continually produced in the bone marrow and circulate through
the vasculature, waiting for signals that could call them in to an inflamed tissue site. In addition,
PMN also seem to marginate in the lung vasculature in a CXCR4-dependent manner (48), which
may allow them to rapidly respond. The precise role of PMN during infection remains debated.
While some groups have shown PMN to be capable of killing Mtb, others have not observed this
effect, or even find them to be pathogenic (49-52). This is likely due in part to the short-lived

nature of this cell type, as well as the simple correlation between level of lung inflammation and



PMN recruitment. The recruitment of PMN to the lung typically doesn’t begin until D10 post-
infection, which may relate, as discussed above, to the failure of infected AM to produce pro-
inflammatory chemokines during the earliest stages of infection (53)

As Mtb infection proceeds, another prominent infected cell type is monocyte-derived
phagocytes. These cells are recruited to the inflamed lung in large quantities during the second
week of infection and by 3 weeks post-infection there are more infected PMN and monocytes
than AM (45). The precise identity of these cells remains an area of active investigation. Earlier
reports classified many of these cells as dendritic cells (DC) based on high expression of CD11c
and CD11b (54). However, more recent work using CD64, a marker of monocyte-derived cells,
supports that many of these cells are monocyte-derived (45, 55). To further complicate matters, it
is also possible that conventional DC could upregulate CD64 in the context of IFNYy exposure
(56). Future studies using lineage tracing reporter mice may help to shed light on these
conflicting reports. In addition, studies in the zebrafish model of mycobacterial infection have
found that the tissue resident macrophages are more protective, while the bacteria actively
engage in the recruitment of permissive monocytes in which they can better survive (57, 58).
These studies conflict with a more recent report in the mouse model, which argues that AM are
more permissive than recruited macrophages, however, these discrepancies could, in part, be
attributed to the adaptive immune system, which is present only in the latter model (T cells have
not yet developed in zebrafish embryos used in these studies). These monocytes also seem to
play a critical role in initiating the T cell response as is discussed below (59).

How do any of these phagocytes combat the bacterial infection? Mtb infects new targets
by being phagocytosed. This process can be mediated by multiple different cell surface

molecules including mannose and complement receptors (60). Following phagocytosis, there are



a number of different outcomes that can occur which depend both on the state of the host cell as
well as the bacteria. Phagosomal maturation, whereby fusion occurs between multiple
phagosomal and lysosomal vesicles in order to modify the membrane proteins and contents of
the vesicle can eventually lead to this becoming a hostile environment through the lowering of
the pH and activation of pH-sensitive degradation enzymes. However, Mtb has a number of
mechanisms in place which can inhibit this process and maintain the phagosome as a hospitable
environment. This blockade of phagosomal maturation occurs through interactions between
bacterial cell surface features (ManLLAM) or secreted proteins (SapM) and host proteins (PIP3)
(61-63). In addition, yet other bacterial products (PtpA) seem to play a role in preventing the
phagosome from acquiring the V-ATPase proton pump, which facilitates compartment
acidification (64). It is also possible for Mtb to induce damage to the phagosomal membrane and
thus escape into the cytosol. This process is dependent on the type 7 bacterial secretion system
ESX-1 as well as the lipid PDIM (65-67). The implications of cytosolic Mtb localization remain
confusing. It has been demonstrated that Mtb can be sensed by the cGAS-STING pathway,
resulting in the production of type I IFN (68-70). This may actually be beneficial to the bacteria,
as type I IFN signaling, especially in highly susceptible mouse models of Mtb, results in
increased mortality (71). On the other hand, cytosolic Mtb can also be targeted to the
autophagosome through TBK1 (72).

The adaptive immune response, and in particular CD4 T cells, have long been known to
be required for protection from Mtb. The importance of CD4 T cells is best illustrated by the
situation of HIV/Mtb coinfection. Here, HIV targets and depletes CD4 T cells, and this results in
increased susceptibility to TB (73). In the mouse model, loss of CD4 T cells leads to rapid

mortality when compared to loss of CD8 T cells or B cells (74). Despite the importance of CD4



T cells, there are a number of barriers which seem to limit their effectiveness at controlling
infection. The initiation of the T cell response to Mtb is delayed when compared to other
infections (75). In order for Mtb-specific T cells to be primed and recruited to the lung, live Mtb
must be transported to the lung-draining LN which does not occur until after 1 week of infection.
T cells do not appear in the lung for at least another week (76, 77). This is consistent with human
studies where a detectable immune response to Mtb is typically not observed until over 1 month
after exposure (78, 79). Another aspect that restricts CD4-mediated immunity is the concurrent
expansion of Mtb-specific regulatory T cells (Tregs). While Tregs are best appreciated for their
important role in restraining autoimmune disease, here their recognition of the pathogen is
problematic. These cells recognize Mtb antigens and are activated in the LN with similar kinetics
to effector CD4s and suppress a potentially more robust antibacterial immune response (80).
Interestingly, the activation of these Tregs is context specific and is not observed in Mtb antigen-
expressing Listeria (81). These early roadblocks in getting effector T cells to the lung give the
bacteria extra time to set up an immunosuppressive niche that limits the functionality of the
immune cells once they do finally arrive. This has led to the idea that if T cells could be
positioned in the lung prior to this remodeling, perhaps they could be more protective.

Once T cells arrive in the lung, how do they curb the pathogen? The development of a
Th1 response has long been associated with protection, as genetic knockouts of the Th1 cytokine
IFN-v as well as factors required for the development and maintenance of Thls (IL-12, T-bet)
are highly susceptible to infection (74). More recently, other CD4 cytokines such as IL-17 have
also been implicated in control in the context of vaccination (82). Finally, a report last year
showed that a TNF superfamily molecule, CD153, also seems to be important for the protection

conferred by CD4 T cells (83). Regardless of the effector molecules they produce and their

10



ability to home to the site of infection, CD4 T cells are incapable of inducing sterilizing
immunity to Mtb in animal models. Thus, the infection continues chronically. This leads to
accumulation of lung damage and eventual mortality. The chronic stage of infection provides
new problems for the T cell response. Much like in the chronic disease of cancer, where CD8 T
cells become exhausted due to persistent antigen stimulation (84), so too does a similar process
occur with Mtb-specific CD4s. This has been demonstrated in both mice and humans whereby an
immunodominant Mtb antigen that is expressed throughout infection leads to terminal

differentiation of CD4 T cells and impaired cytokine production (85).

Dissertation objectives and significance

Given the chronic nature of Mtb infection, as well as the abundance of both in vivo and in
vitro systems for probing host-pathogen interactions, there is a significant body of work
concerning the features of the CD4 T cell response during infection in vivo, and factors important
for phagocyte control of Mtb in vitro. However, less is known about the very early events of
infection and the impact of the spread of Mtb to different host cell types. This is likely due in
part to the difficult in accurately measuring the features of early immunity. Despite the
challenges presented, a better understanding of this early stage of infection is highly relevant to
the development of vaccines given evidence that the immune events that occur early likely have
a large impact on the course of chronic infection. In addition, there are a variety of different cell
types which are temporally targeted for infection. Evidence both from TB as well as other
diseases have demonstrated that cell-type specific differences exist which could dictate

differential control depending on what type of phagocyte engulfs Mtb. Thus, the major goal of
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this work is to characterize the dynamics and immune responses of T cells and infected
phagocytes during early Mtb infection.

One arm of this work relates to the delayed recruitment of CD4 T cells to the lung. This
has led to the idea that if T cells could simply reach the lung earlier, prior to the development of
an immunosuppressive niche, then perhaps these cells could be more effective. This goal has
been pursued in the design of new vaccines. Thus, we have engaged in studies to position T cells
in the lung early during infection to monitor their protective capacity. Here we found that T cells
could only provide protection once Mtb resided in lung-recruited monocyte-derived
macrophages. This cell type engages multiple proinflammatory signaling pathways compared to
alveolar macrophages, which are less inflammatory, and less protective. This will be discussed in
Chapter 3.

A second arm of this work relates to how prior vaccination affects early immunity to
Mtb. There is still much we do not understand about how BCG, the only approved TB vaccine,
modulates immunity to Mtb. Here, we found that BCG mediates the accelerated transfer of
infection from alveolar macrophages to lung-recruited phagocytes in a CD4 T cell-dependent
process. In addition, this transfer precedes vaccine-induced protection, which only occurs after T
cells colocalize with the infectious lesion. These findings, discussed in Chapter 4, have

significant implications for future vaccine strategies.
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CHAPTER 2: MATERIALS AND METHODS

Mice

ESAT-6 TCRtg (C7) mice were provided by Eric Pamer and have been described previously
(86). OT-II mice were provided by Michael Gerner (University of Washington). LRRK2” mice
were provided by Huaibin Cai (NIH). C57BL/6, MHCII’-, and NOS2" mice were purchased
from Jackson Laboratories (Bar Harbor, ME). All mice were housed in specific pathogen-free
conditions at Seattle Children’s Research Institute (SCRI). Experiments were performed in
compliance with the SCRI Animal Care and Use Committee. Both male and female mice

between the ages of 8-12 weeks were used.

BCG immunization
BCG-Pasteur was cultured in Middlebrook 7H9 broth at 37°C to an OD of 0.2-0.5. Bacteria was
diluted in PBS and 10° CFU in 200ul was injected subcutaneously. After immunization, mice

were rested for 8 weeks prior to Mtb infection.

Aerosol Infection and CFU enumeration

Infections were performed with wildtype H37Rv Mtb or H37Rv transformed with an mCherry or
Wasabi reporter plasmid (87). Mice were enclosed in a Glas-Col inhalation exposure system and
50-100 CFU were deposited directly into the lungs. To determine Mtb CFUs, lungs were
homogenized in 0.05% Tween 80 in PBS. Ten-fold serial dilutions were made in 0.05% Tween

80 and plated on 7H10 plates. Colonies were counted after 21 days of incubation at 37°C.
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Intratracheal and intravenous antibody labeling

For intratracheal (i.t.) labeling, 30min prior to sacrifice, mice were anesthetized with 20%
isoflurane in propylene glycol (Fisher Scientific) and 0.25ug of CD45.2 PE-Cy7 in 50ul of PBS
was pipetted into the airway. For intravenous (i.v.) labeling, mice were anesthetized as above and

infused with CD45.2 PE 10 min prior to sacrifice.

Lung cell isolation and antibody staining

Mouse lungs were homogenized in HEPES buffer with Liberase Blendzyme 3 (70ug/ml; Roche)
and DNasel (30ug/ml; Sigma-Aldrich) using a gentleMacs dissociator (Miltenyi Biotec). Lungs
were incubated at 37°C for 30 min and then further homogenized with the gentleMacs. Cells
were filtered through a 70um cell strainer and resuspended in RBC lysis buffer (Thermo) prior to
a PBS wash. Cells were next incubated with 50ul Zombie Aqua viability dye (BioLegend) for
10min at room temperature (RT). Viability dye was quenched with 100ul of antibody cocktail in
50% FACS buffer (PBS containing 2.5% FBS and 0.1% NaN3)/50% Fc block buffer. Staining
was performed for 20min at 4°C. Cells were washed with FACS buffer and fixed with 2%
paraformaldehyde for lhr prior to analysis on an LSRII flow cytometer (BD Biosciences). When
stain sets contained tetramers, staining was performed for 1hr at RT. Ag85B (I-A(b) 280-294)
and TB10.4 (K(b) 4-11) tetramers were obtained from the NIH Tetramer Core Facility.
Intracellular phospho-S6 (Ser235/236 2F9; Cell Signaling), phospho-STAT1 (Tyr701 C14; BD
Biosciences), and NOS2 (CXNFT; Thermo Fisher) staining was performed for 1hr at RT with
the FoxP3/Transcription Factor Staining Kit (Invitrogen). To measure mitochondrial membrane
potential, cells were incubated with TMRM (Thermo Fisher) for 30min at 37°C prior to antibody

staining.
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BrdU proliferation analysis
2mg of BrdU was injected 1.p. into previously infected mice 1d prior to sacrifice. BrdU was

detected by flow cytometry using the BD BrdU Flow Kit (BD Biosciences).

Deconvolution microscopy

Lung cells from mCherry infected mice were isolated and antibody stained as described above.
Macrophage populations were sorted on a cell sorter (FACSAria, BD Biosciences) directly into
2% PFA. A Cytospin (Thermo Fisher) was used to transfer sorted cells onto slides, which were
then coverslipped with DAPI-containing mounting media (ProLong Diamond; Thermo Fisher).
Imaging was performed using a Deltavision Elite microscope (GE Life Sciences). Deconvolution
was performed with SoftWoRX (GE Life Sciences) and image analysis was performed with Fiji

(NIH).

Confocal Microscopy

Mice were infected with H37Rv Mtb-mCherry and sacrificed at D10 and D14. Lungs were
excised and submerged in BD Cytofix fixative solution diluted 1:3 with PBS for 24hr at 4°C.
Lungs were washed 2x in PBS and dehydrated in 30% sucrose for 24hr prior to OCT embedding
and rapid freezing in a methylbutane-dry ice slurry. 20um sections were stained overnight at RT
(with the following antibodies: CD11c BV480; HL3 (BD), CD11b BV510; M1/70 (BD), CD45.2
AF700; 104 (BioLegend), MHC-II APC-Fire750; M5/114.15.2 (BioLegend), Siglec-F BV421;
E50-2440 (BD), pS6 AF488; 2F9 (Cell Signaling), CD3 CF633; 17A2, CD4 CF660C; RM4-5)

and coverslipped with Fluoromount G mounting media (Southern Biotec). Images were acquired

15



on a Leica SP8X confocal microscope, compensated for fluorophore spillover using LAS X

(Leica), and analyzed with Imaris (Bitplane) and FlowJo as previously described (88).

T cell depletion and FTY720 treatment

To deplete T cells, mice were intraperitoneally (i.p.) injected with 400ug anti-CD4 GK1.5 or
anti-CD8 2.43 (BioXcell) in PBS at D-1, D4, and D10 relative to infection. To block T cell
egress, mice were 1.p. injected with 1mg/kg FTY720 (Sigma) in water daily starting 2d prior to

harvest.

IFN-y treatment
Mice were anesthetized with 20% isoflurane in propylene glycol (Fisher Scientific) and 1ug of

purified IFN-y (PeproTech) was delivered i.t. in 50ul PBS.

Bone marrow chimeras

To create mixed MHCII”- chimeras, WT CD45.1/2 F1 mice were irradiated with 1000 rads and
reconstituted with a 1:1 mixture of CD3-depleted (Miltenyi Biotec) CD45.1 B6.SJL:CD45.2
MHCII- bone marrow (7x10° cells/mouse). At D56 post-reconstitution, mice were immunized
with BCG. To create mixed NOS2", WT CD45.1 B6.SJL mice were irradiated with 1000 rads
and reconstituted with a 1:1 mixture of CD3-depleted (Miltenyi Biotec) CD45.1/2 F1:CD45.2
NOS2”bone marrow. To create criss-cross NOS2 chimeras, host mice were irradiated as above
and reconstituted with 5x10° donor cells. WT B6 mice were reconstituted with WT CD45.1/2 F1
cells. NOS2” mice were reconstituted with either NOS2”- or WT CD45.1/2 F1 cells. WT CD45.1

B6.SJL mice were reconstituted with NOS2 cells.
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Th1 polarization and adoptive transfers

CDA4 T cells from ESAT-6-specific (C7) CD90.1+ and OV A-specific (OTII) CD45.1+ TCR
transgenic mice were negatively enriched from spleens using EasySep magnetic microbeads
(STEMCELL). T cells were Th1 polarized as follows: 1.6 x 106 transgenic T cells were cultured
with 8.3 x 106 irradiated CD3- splenocytes. 5 pg/ml of ESAT-6 or OVA peptide, 10 ng/ml IL-
12, and 10 pg/ml of anti—IL-4 antibody (R&D Systems) were added at DO. At D3, cells were
split 1:2, and 10 ng/ml IL-12 was added (R&D Systems). On D5, Th1 cells were delivered i.v. or

1.t. into mice.

RNA sequencing and transcriptional analysis

For host sequencing, macrophage populations were sorted from mCherry-infected mice
and resuspended in TRIzol (Thermo Fisher). RNA isolation was performed by phenol-
chloroform extraction and cDNA library preparation was done with the SMART-Seq v4 Ultra
Low Input RNA Kit (Takara). Sequencing was performed at the Institute for Systems Biology
(ISB) (Seattle, WA) and analyzed using DESeq2 (89). Transcription factor binding analysis was
performed with the cMonkey?2 package (90).

Mtb sequencing was performed as described in a recent publication (91). After cDNA
preparation, libraries were enriched for Mtb transcripts using biotinylated, Mtb-specific
oligonucleotides and subsequent capture with magnetic streptavidin beads. Library amplification
was performed with SureSelectXT (Agilent). Sequencing was performed at ISB and analyzed
using the following tools: RoundRobin, RankProduct (92), SAM (93), EdgeR (94), and DESeq?2

(89) .
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Data acquisition and analysis

Flow cytometry data were analyzed using FlowJo V10 software (Tree Star) and presented
as means = SEM. Statistical analysis and graphical representation of data were done using
GraphPad Prism v6.0 software. At least 3-5 mice were used per group in each experiment, as
indicated in figure legends, and all experiments were performed at least 2 times. Statistical

significance was determined using a t-test or ANOVA.
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CHAPTER 3: Alveolar and monocyte-derived macrophages differentially engage
antibacterial response programs

Introduction

The requirement for a robust CD4 T cell response during Mtb infection has been
demonstrated many times over. Knockout mice lacking CD4 or various CD4 T cell effector
genes are highly susceptible to Mtb infection (74). In addition, HIV-infected individuals with
depressed levels of CD4 T cells have an elevated risk of TB (73). Thus, a major effort of TB
vaccine development has been to boost the CD4 T cell response, with the idea that this might
lead to enhanced protection. In 2013, a clinical trial was conducted with MVAS8S5SA, a viral-based
TB vaccine (95). This was a first trial of a new TB vaccine since BCG. This vaccine was able to
confer a significant boost in the production of multiple cytokines by CD4 T cells. However,
unfortunately, MVAS85A provided absolutely no additional protection over BCG alone. While
there are a number of potential explanations for this failure, one interesting component of the T
cell response which could play a role here has to do with T cell localization. Given that the
primary site of Mtb infection is the lungs, it is critical that T cells reach this site of infection.
This is not a trivial task given that, as is discussed in the introduction, there are a number of
barriers that hinder the rapid, effective response of T cells in the lung. In the MVASS5A ftrial, T
cell responses were assessed in peripheral blood, thus it remains unclear if the changes in
cytokine production observed here were also reflective of changes in T cells in the lung. This is
further complicated by the fact that, more recently, it has been demonstrated that overproduction
of IFN-y by CD4 T cells can be detrimental, leading to increased immunopathology in the lung
and ultimately, more rapid mortality (96).

To address whether boosting the number of cytokine-producing CD4 T cells in the lung

could confer protection, Gallegos et al., created and adoptively transferred transgenic Mtb-
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specific Th1 cells intravascularly (i.v.) 1 day prior to aerosol Mtb challenge (86). Surprisingly,
even large numbers of adoptively transferred Mtb-specific Th1 cells (~107) had no effect on the
lung bacterial burden during the first week after aerosol infection, but only led to reduced
bacterial burdens thereafter. Since this publication, it has become clear that only a subset of the T
cells recovered from enzyme-digest lung cell suspensions represent cells that actually reside in
the lung parenchyma, whereas others represent T cells resident in the lung vasculature. T cells
residing in each of these locations can be distinguished by using an i.v.-administered antibody
label immediately before euthanasia (97). Using this approach, our lab and others have shown
that T cells resident in the lung parenchyma re-traffic rapidly to the lung parenchyma upon
adoptive transfer and reduce the lung bacterial burden, whereas those in the vasculature do not
traffic into the lung and provide little or no protection (98, 99). Because the prior study had not
used i.v.-labeling, this raised the possibility that the i.v. transferred T cells were not protective
because they did not efficiently traffic to the site of infection within the lung parenchyma and
remained in the lung vasculature. Thus, we sought to re-visit these experiments, to determine
whether T cells that do traffic to the lung parenchyma may indeed be able to confer protection

during the first week after aerosol infection.

Results

To understand whether Mtb-specific CD4 T cells can mediate early protection, we first
repeated the 1.v adoptive transfers, as previously performed by Gallegos et al. (86). In order to
define the localization of these cells within the lung, we utilized both an i.v. as well as an airway
antibody label (Fig. 1A-B). Similar to the previous report, we also observed that the i.v. transfer

did not confer protection 7 days post-infection (Fig. 1C). When we assessed the localization of
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Figure 1: Adoptively transferred Th1 cells provide delayed protection.

(A) Graphic depicting how the use of i.v. and i.t. antibody labeling distinguishes the lung vasculature (blood-
exposed) and the lung airway (airway-exposed). (B) Representative flow plots of adoptively transferred T cells
(gated on CD3+*CD4*CD90.1*) and AM (gated on Siglec-F* CD11c*) from the lungs of mice infected 1d prior. (C)
Lung bacterial burdens of mice that did or did not receive adoptive T cell transfers at D7 and D14 post-infection.
(n=5 mice/group). (D) Composition of mCherry*lung cells (AM: CD11c* Siglec-F*, PMN: CD11b* Ly6G*, MDM:
CD11b* CD64%) at D14 as determined by flow cytometry (n=5 mice/group) This panel is adapted from Cohen et al.
Single-group comparisons were performed by unpaired t test. Data are presented as mean + SEM. ***p < 0.001. All
experiments were performed at least 2-3 times.

these T cells, however, the vast majority resided in the lung vasculature rather than the lung
parenchyma. This is important because alveolar macrophages (AM), the first cell type to become
infected with Mtb, are located in the alveoli and readily label with the airway antibody label (Fig.
1B). Thus, the transferred T cells are not in the correct location to directly interact with infected
AM and mediate protection. We next performed similar adoptive transfers but with a different
route of administration. Here we delivered T cells directly into the airways of deeply
anesthetized mice prior to Mtb infection the next day. Although we confirmed that these T cells
were transferred into the airways, and subsequently migrated into the interstitium, we were

surprised to find that these transfers were also unable to provide any protection during the first
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week of infection. In fact, similar to as was reported in the i.v. transfer experiments (86), we
were able to observe protection only after 2 weeks of infection (Fig. 1C). Given that our airway
transfers seemed to correctly position CD4 T cells to interact early with infected macrophages,
we next considered what else could be responsible for this delay in protection. Our lab and others
have previously shown that, as infection proceeds, different types and proportions of phagocytes
become infected over time (45, 54). When we performed a time course using a fluorescently
labeled strain of Mtb to track the infected cell types, we found that AM were the predominant
infected cell type 1 week post infection, and remained the major infected cell type until D14
(Fig. 1D). After this time point, we began to detect significant proportions of infected lung-
infiltrating monocyte-derived macrophages (MDM) and neutrophils (PMN). Thus, the later time
point when the T cell transfers provide protection seemed to correlate with the decrease in
infected AM and the increase in other infected phagocytes. Given that it has previously been
demonstrated that different phagocytes as well as their activation state, can profoundly affect
their ability to restrict Mtb growth (46, 57, 58) we hypothesized that perhaps infected AM poorly
control Mtb, even in the face of CD4 T cell help.

To begin to address the protective capacity of different macrophage populations, we
focused on AM and MDM given that these cell types are the major infected cell type early and
later post-infection respectively. We performed a time course wherein we infected animals with
fluorescent, mCherry-expressing Mtb, and then sorted out infected AM and MDM in order to
perform imaging and quantify the bacterial burden on a per cell basis (Fig. 2). At D14 post
infection, we found that there were significantly more bacteria in AM compared to MDM. In
addition, the number of bacilli in AM ranged from 1 to 30 (median=8) compared to 1 to 12 for

MDM (median=1). However, this single time point could reflect the fact that the bacteria have
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more recently infected the MDM and have had less time to replicate, while the bacteria in AM

have replicated more because they have been in that cell type for longer. Counter to this
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Figure 2: AM harbor more bacteria than MDM.

(A) Representative fluorescence images of infected AM and MDM sorted from mCherry-Mtb infected mice at D14
and D28. (B) Quantification of the number of Mtb bacilli per cell in AM and MDM at D14, D21, and D28 (n=18-49
cells/group/timepoint). Single-group comparisons were performed by unpaired t test. Data are presented as mean +
SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. All experiments were performed at least 2-3 times.

argument, when we performed imaging analysis of infected cells recovered from D21 and D28
post infection, these patterns of higher average number of bacteria per cell in AM and larger
range in AM continued to hold. From these data, it seems that MDM may be innately more
capable of restricting bacteria growth compared to AM. In addition, given that D28 is the height
of the T cell response, and it is known that the overall lung bacterial burden has leveled off by
this time point, the fact that AM still retain more bacteria supports that control of Mtb by this cell
type does not seem to be significantly aided by adaptive immunity.

Why do AM harbor high levels of bacteria even after Mtb-specific CD4 T cells have been

recruited to the lung? It has previously been demonstrated that cognate interactions between CD4
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T cells and infected macrophages are required for optimal control (100). Thus, we considered the
possibility that either AM do not express the proper receptors to facilitate T cell interactions, or
AM are not responsive to T cell cytokines. To investigate the first possibility, we performed

surface staining for MHCII, as well as the costimulatory markers CD80 and CD86 (Fig. 3).
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Figure 3: AM and MDM similarly upregulate antigen presentation molecules.

Cell surface expression of MHCII, CD80, CD86, and IFNgR1 on AM and MDM at D14 and D21 post-infection was
determined by flow cytometry. Single-group comparisons were performed by unpaired t test. Data are presented as
mean + SEM. *p < 0.05, **p < 0.01,**¥p < 0.001, ****p < 0.0001. All experiments were performed at least 2-3
times.

Here we found that both infected AM and infected MDM significantly upregulate MHCII at both
D14 and D21 relative to uninfected cells. Similarly, CD80 was significantly upregulated in both
cell types at D14, and CD86 was significantly upregulated at both time points. Thus, AM seem
to express the requisite cell surface molecules to both present antigen and to deliver

costimulatory signals to CD4 T cells. Next, to assess macrophage responsiveness to T cell
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cytokines, we investigated the IFNYy pathway. We first stained for the ligand-binding subunit of
the IFNYy receptor, IFNYR1 (Fig. 3). Although we observed slightly less express of IFNYR1 in
Mtb-infected MDM than their uninfected counterparts at D14 (and a trend towards less
expression in infected AM), by D21 we observed no difference in expression between infected
and uninfected AM or MDM. In order to test functionally whether these macrophages were
competent to respond to IFNYy, we performed intracellular staining for phosphorylated STAT1
(p-STAT1), which occurs downstream of IFNYy signaling. To understand whether lung
macrophages are IFNy-responsive at steady state, we treated uninfected animals with

intratracheal IFNYy for 1 hour prior to sacrifice (Fig. 4A). Here we observed a significant increase
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Figure 4: AM and MDM are competent for sensing IFNy

(A) Schematic depicting the i.t. delivery of IFNYy for a lhr in vivo stimulation prior to animal sacrifice. (B)
Representative histograms showing p-STAT1 staining in AM and MDM from naive animals. (C) Graph depicting
the level of p-STAT1 in AM and MDM from naive animals (n=5 mice/group). (D) Graph depicting the level of p-
STATI1 in AM and MDM from D14 infected animals (n=5 mice/group). Single-group comparisons were performed
by unpaired t test. Data are presented as mean = SEM. *p < 0.05,***p < 0.001, ****p < 0.0001. All experiments
were performed at least 2-3 times.
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in p-STAT1 in both AM and MDM (Fig. 4B-C). To test whether Mtb infection alters this
responsiveness, we performed a similar treatment at D14 post infection (Fig. 4D). At this time
point, we again observed a significant increase in p-STAT]1 in total AM and MDM. In addition,
the p-STAT1 within untreated infected AM and MDM appeared to be higher at baseline, and
significantly increased in the treated group. Based on these studies, it appears that infected AM
(and MDM) are capable of responding to IFNYy. Finally, we considered that IFNy production by
T cells within the lung could be highly localized. This could lead to differential IFNYy exposure
between AM and MDM. To address this, we performed serial IFNYy treatments starting at D14

and assessed the lung at D21. There were no significant differences in the cell types targeted for

infection or in the lung bacterial burden (Fig. 5A-B). Additionally, we performed intracellular
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Figure 5: IFNYy supplementation does not affect early infection.

Previously infected animals were treated with lug i.t. IFNy on D14, D16, and D19 prior to sacrifice on D21 (n=5
mice/group). (A) Composition of mCherry* lung cells (AM: CD11c* Siglec-F*, PMN: CD11b* Ly6G*, MDM:
CD11b* CD64*) as determined by flow cytometry. (B) Lung bacterial burden as determined by dilution plating. (C)
Proportion of AM and MDM which express Nos?2 as determined by flow cytometry. Single-group comparisons were
performed by unpaired t test. Data are presented as mean + SEM. **p < 0.01. All experiments were performed at
least 2—-3 times.

staining for NOS2, an IFNy-inducible gene that is known to be important for control of Mtb
(101) (Fig. 5C). While there was a small, but significant, increase in the proportion of NOS2*

total AM in the treated group, this was not observed within the infected AM. There was also no
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difference in the proportion of NOS2* MDM in the treated group. Thus, it does not appear that
infected AM make less Nos2 due to a paucity of IFNy.

Given that these macrophage populations seemed to differ in their protective capacity, we
next set out to understand what genetic programs might be responsible for their disparate
responses. We first performed RNA-seq of infected AM and MDM, as well as uninfected AM
and MDM (from the same infected animals) at D14 post infection. When we performed principle
component analysis (PCA), we observed that, while each of the 4 groups clustered distinctly,
there seemed to be larger differences between the uninfected and infected MDM while the
uninfected AM was relatively more similar to the infected AM (Fig. 6A). This was also reflected
when we looked differential gene expression analysis. Here, we found that there were almost
2000 differentially expressed genes in infected MDM relative to uninfected MDM, while there
were only about 250 in infected AM relative to uninfected AM (Fig. 6B). These larger
differences in gene expression MDM compared to AM was surprising given the fact that the AM
have likely been infected for longer, and may reflect the fact that the MDM are being called in to
the infected lung through proinflammatory signals, and thus may be better primed to quickly
initiate a robust cellular immune response.

In order to identify genes which could play a role in the differential response, we
compared gene expression in infected AM and infected MDM. Here, we identified 9 genes
which were significantly induced in one cell type, and significantly repressed in the other (Fig.
6B, Table 1). Interestingly, two of these genes, Lirk2 and IFITM3, have been shown to play a
regulatory role in phagosomal maturation (102-104). Both of these genes were significantly

induced in infected AM compared to uninfected AM, while significantly repressed in MDM
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(Fig. 6C). In addition, infected AM more highly expressed Lrrk2 than infected MDM. Previous
reports have shown that Lrrk2 may also play a functional role during TB (105). One study used a
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Figure 6: Transcriptional differences between AM and MDM at D14.

Infected and uninfected AM and MDM were sorted from D14 mCherry infected animals for RNA-seq (each sample
was generated from the lung cells sorted from 10 pooled mice, n=4 samples/group). (A) PCA plot showing the
clustering of replicates within each group. (B) Venn diagram showing the number of differentially expressed genes
(log2 foldchange>1, adjusted p-value<0.05) in infected AM and MDM (relative to uninfected cells of the same
group). Arrows indicate up or downregulated genes. (C) Gene expression of two differentially expressed genes with
known regulatory roles in phagosome maturation.

Lrrk2 KO mouse to show that KO macrophages are better at phagolysosomal fusion, which
correlates with a decreased lung bacterial burden (106). Interestingly, this decreased CFU was
only observed at early time points (D7-14), while there was no difference in the CFU during
chronic infection (D56). Based on this, we speculated that the transient protection during early

infection could relate to derepresssion of phagolysomal fusion specifically in AM, while at later
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Gene Description

Vnn3 involved in vitamin B5 metabolism
Pkdcc secreted kinase, phosphorylates MMPs
Lrrk2 phagosomal regulator in the context of Mtb

ISG, important during Mtb, colocalizes with
Ifitm3 phagosome, induces acidification

heparanase, marks inflammatory monocyte/

Hpse macrophages
Hp Haptoglobin, binds hemoglobin
Gprl4dl GPCR, IFN/TNF-induced
Acer3 involved in lipid metabolism, anti-inflammatory

surface receptor, may be involved in Ab/
CD300Lg/Trem4 lymphocyte interactions

Table 1: Differentially regulated genes at D14.
List of genes which were upregulated in infected AM and downregulated in infected MDM at D14 as in Fig. 6B.

time points this is lost as MDM become the predominant bacterial target, which are more
competent at phagolysosomal fusion. We hypothesized that if we were to assess the cell types
targeted for infection in Lrrk2 KO animals, we would see less infected AM if the Lirk2 KO
version of these cell types are more protective. However, when we assessed the infected cell
types of control and Lrrk2 KO animals at D14 post infection, we found no significant differences
(Fig. 7A). In addition, the previously reported CFU phenotype was observed in an experiment in
which mice were infected with a relatively high, non-physiologic aerosol Mtb dose (200 CFU),
raising the possibility that the effect may be dose dependent. Consistent with this possibility, we
observed no protection at a low dose (depo=20), and a trend towards protection at a higher dose

infection (depo=225) (Fig. 7B). Finally, using the MFI of mCherry fluorescence as a proxy for
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Figure 7: Loss of Lrrk2 minimally affects early Mtb infection.

WT and Lirk2 KO animals were infected with a low (infectious dose = 20) or high (infectious dose = 225) dose of
mCherry-Mtb and sacrificed at D14. (A) Proportion of mCherry* cells as determined by flow cytometry from high
dose experiment. (B) Lung bacterial burdens of low and high dose infected animals. (C) Mean fluorescence intensity
(MFI) of mCherry signal in AM and MDM from high dose experiment. Single-group comparisons were performed
by unpaired t test. Data are presented as mean + SEM. **p < 0.01. All experiments were performed at least 2—3
times.

bacterial load on a per cell basis, we did not observe that infected Lrrk2 KO AM had less
bacteria (Fig. 7C). Instead, there was a small but significant increase in the mCherry in the KO.
However, based on this measurement, we are unable to distinguish if all of the bacteria within
the AM are alive.

We next performed similar transcriptional analyses at D20 post infection. This time point
was chosen because it represents an early point following the recruitment of antigen specific
CD4 T cells to the lung and thus the infected macrophages could have encountered T cells, and
or been exposed to T cell cytokines. Unsurprisingly, the PCA showed that the infected MDM
remain distinct from uninfected MDM (Fig. 8A). Interestingly, at this time point, the infected
AM seem to be more different than uninfected AM, indicating that there may be changes in the
transcriptional program of infected AM between 2 and 3 weeks post infection. This is also
reflected in the similar numbers of differentially expressed genes found between both infected
cell types and their uninfected counterparts (Fig. 8B). We next performed gene set enrichment
analysis (GSEA) on the transcriptional data from both D14 and D20 (Fig. 8C). Through this

analysis, we identified significant enrichment in multiple different proinflammatory signaling

30



PC2 (36%)

40 Infected AM r
Uninfected AM
20 L
0+ L
[
%
-20 Infected MDM E
-40 | Uninfected MDM L
o® ¢
-60 °
T T T
-50 0 50

PC1 (44%)

MDM

TNFA_SIGNALING_VIA_NFKB-
IL6_JAK_STAT3_SIGNALING-
P53_PATHWAY
IL2_STAT5_SIGNALING
PANCREAS_BETA_CELLS-
INTERFERON_GAMMA_RESPONSE-]
HYPOXIA
ALLOGRAFT_REJECTION
APICAL_JUNCTION
MYOGENESIS

INFLAMMATORY _| RESPONSE-
APOPTOSIS

NOTCH_SIGNALING-
KRAS_SIGNALING_UP
EPITHELIAL_MESENCHYMAL_TRANSITION-
INTERFERON_ALPHA_RESPONSE
PI3K_AKT_MTOR_SIGNALING
UV_RESPONSE_DN
COMPLEMENT-
CHOLESTEROL_HOMEOSTASIS
MTORC1_SIGNALING-
ESTROGEN_RESPONSE_LATE
F_BETA_SIGNALING
KRAS_SIGNALING_DN-
HEDGEHOG_SIGNALING
REACTIVE OXYGEN_SPECIES_PATHWAY
_BETA_CATENIN_SIGNALING-]
PROTEIN_SECRETION-
ITOTIC_SPINDLE-]

XENOBIOTIC METABOLISM-
IOGENESIS-

OLYSIS

SPERMATDGENESIS-
APICAL_SURFACE-
ESTROGEN_RESPONSE_EARLY-
UV_RESPONSE_UP
HEME_METABOLISN
ANDROGEN_RESPONSE-] AM
BILE_ACID_METABOLISNH
G2M_CHECKPOINT
COAGULATION

ADIPOGENESIS+

PEROXISOME-]
MYC_TARGETS_V2-
DNA_REPAIR
UNFOLDED_PROTEIN_RESPONSE-
MYC_TARGETS_V1
_ACID_METABOLISM-]
OXIDATIVE_PHOSPHORYLATION
E2F_TARGETS

& N ° N v

D14

AM MDM

ﬁ 1156 721 @
26

MDM

TNFA_SIGNALING_VIA_NFKB-
OXIA

INFLAMMATORY_RESPONSE-]
IL6_JAK_STAT3_SIGNALING-]
PANCREAS_BETA_CELLS
INTERFERON_GAMMA_RESPONSE
IL2_STAT5_SIGNALING-
EPITHELIAL_MESENCHYMAL_TRANSITION
OTCH_SIGNALING-

ALLOGRAFT REJECTION-

PATHWAY-

HEDGEHOG SIGNALING-
APICAL_JUNCTION-

HEME_METABOLISM-
WNT_BETA_( CATENIN I_SIGNALING-|
ROTEIN_SECRETION
REACTIVE_( oxvseu SPECIES_PATHWAY
AKT MTOR_SIGNALING-|
ESTROGEN _RESPONSE_EARLY-
IYC_TARGETS_V2-
KRAS_SIGNALING_DN-
ANDROGEN_RESPONSE
UV_RESPONSE_DN-{
INTERFERON_ALPHA_} RESPONSE-
APOPTOSIS
MTORC1_SIGNALING-|
SPERMATOGENESIS-]
KRAS_SIGNALING_UP
MYC_TARGETS_V1-
MITOTIC_SPINDLE-
OXIDATIVE_PHOSPHORYLATION-
ANGIOGENESIS
COMPLEMEN AM
‘GF_BETA_SIGNALING-
CHOLESTEROL_HOMEOSTASIS
NA_REPAIR-
ADIPOGENESIS+
ESTROGEN_RESPONSE_LATE
UNFOLDED_PROTEIN_RESPONSE-
G2M CHECKPOINT-
BILE_AGID_WETABOLISK]

E2F_TARGETSH
FATTY_ACID_METABOLISM-{

D20

Figure 8: Transcriptional differences between AM and MDM at D20 and gene set enrichment analysis.

Infected and uninfected AM and MDM were sorted from D20 mCherry infected animals for RNA-seq (each sample
was generated from the lung cells sorted from 10 pooled mice, n=4 samples/group). (A) PCA plot showing the
clustering of replicates within each group. (B) Venn diagram showing the number of differentially expressed genes
(log2 foldchange>1, adjusted p-value<0.05) in infected AM and MDM (relative to uninfected cells of the same
group). Arrows indicate up or downregulated genes. (C) Gene set enrichment analysis from D14 (Fig. 6) and D20.
Preranked lists of gene expression in infected AM relative to infected MDM was used to test for enrichment of 50
hallmark gene sets. Red bars indicate FDR < 0.05.
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pathways in infected MDM compared to infected AM. In addition, the hypoxia pathway was
significantly enriched in MDM at D20. The pathways most enriched in infected AM included
metabolic pathways such as oxidative phosphorylation and fatty acid metabolism. Given that
AM are known to use fatty acid metabolism at steady state (43), this indicates that infection may
not affect the metabolic programming of AM. In addition, multiple pathways related to
proliferation were also enriched in infected AM.

Previous work has demonstrated that the metabolic state of Mtb-infected macrophages
can impact their ability to restrict bacterial growth (46, 107). Specifically, glycolysis was shown
to potentiate a proinflammatory, protective response. To validate the transcriptional metabolic
differences, we stained lung cells with TMRM, a dye that is a readout of mitochondrial
membrane potential. High membrane potential (more staining) can be indicative of cells using a
mitochondria-based metabolic program such as oxidative phosphorylation. Lower membrane
potential could be indicative of cell types using less mitochondrial metabolism, and potentially
relying on glycolysis. We found that infected AM stained highly with TMRM at both D15 and
D20 post infection, consistent with their transcriptionally predicted reliance on oxidative
phosphorylation (Fig. 9A). Conversely, infected MDM shifted from being TMRM®" to TMRM!°
between D15 and D20, suggesting that this cell type switches away from mitochondrial
metabolism which correlates with the recruitment of CD4 T cells to the lung. Interestingly, when
we bisect MDM at D20 by level of TMRM staining, we find that the TMRM®" cells are

significantly more enriched in infected cells compared to the TMRMP cells (Fig. 9B-C). Thus,
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Figure 9: MDM shift away from mitochondrial metabolism during early infection.

Animals previously infected with Wasabi-Mtb were sacrificed at D15 and D20 and lung cell suspensions were
incubated with the mitochondrial membrane dye TMRM prior to cell surface staining (n=3 mice/group). (A)
Representative histograms showing the level of TMRM in AM and MDM at both time points. A fluorescence minus
one (FMO) control is shown in gray. (B) Representative flow plots (gated on TMRM" or TMRM" MDM) showing
the proportion of Wasabi+ cells at D20. (C) Proportion of Wasabi* TMRM" or TMRM" MDMs as determined by
flow cytometry. Single-group comparisons were performed by unpaired t test. Data are presented as mean + SEM.
**p <0.01. All experiments were performed at least 2-3 times.

this switch away from mitochondrial metabolism in the MDM seems to have a functional
consequence upon either: the ability to clear infection, or the ability to prevent infection.

We next performed differential gene expression analysis to compare infected AM and
MDM at D20. Through this, we identified MKP2, which was the 2nd most downregulated gene
in infected AM compared to infected MDM. This gene, a MAP kinase regulatory enzyme, has
previously been demonstrated to modulate the nitric oxide pathway in the context of other
intracellular infections (108, 109). Thus, we next performed targeted analysis of the nitric oxide

pathway itself (Fig. 10A). We found that genes involved in the import of the nitric oxide
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Figure 10: Differential expression of nitric oxide pathway-related genes at D20.

(A) Graphic showing genes important for the generation of nitric oxide (in red). Nitric oxide precursor and
byproduct molecules are labeled in black. Adapted from Qualls et al., 2012. (B) Gene expression of the genes
depicted in (A) at D20.

precursor arginine, as well as the recycling of arginine, were upregulated in infected MDM and
downregulated in infected AM (Fig. 10B). Additionally, NOS2, the enzyme which catalyzes the
formation of nitric oxide from arginine, was more highly expressed in infected MDM. To
confirm that these transcriptional differences impact protein expression, we performed
intracellular NOS2 staining (Fig. 11A-B). Here we observed that a higher proportion of infected
MDM are NOS2* compared to infected AM. Coupled with previous reports that NOS2 is
mycobactericidal (110), these data support the notion that nitric oxide production by certain
infected macrophages may be important for protection. In line with this, when we assessed the
lung bacterial burden in NOS2 KO chimeras, whereby WT or NOS2 KO bone marrow was
transferred into irradiated hosts (WT>KO animals have WT hematopoietic cells and KO stromal

cells, KO>WT animals have KO hematopoietic cells and WT stromal cells, WT>WT and
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Figure 11: Differential NOS2 expression does not explain the superior protection of MDM.

(A) Representative flow plots showing NOS2 expression by infected AM and MDM at D20. (B) Proportion of
infected AM and MDM which express NOS2 (n=5 mice/group) at D20. (C) Lung bacterial burden in NOS2 criss-
cross chimeras at D30. (D) Normalized proportion of infected AM and MDM in mixed chimeras at D28. Chimeras
containing either a 50:50 mix of WT (CD45.1/2): WT (CD45.2), or WT (CD45.1/2): NOS2 KO (CD45.2) were
reconstituted in WT (CD45.1) hosts. Single-group comparisons were performed by unpaired t test and multiple-
group comparisons by one-way ANOVA. Data are presented as mean + SEM. ****p < (0.0001. All experiments
were performed at least 2-3 times.

KO>KO are used as controls) we found that the major requirement for NOS2 was in
hematopoietic cells, which is consistent with a previous report (52) (Fig. 11C). We next made
WT:NOS2 KO mixed chimeras to test the hypothesis that the superior control of Mtb by MDM
could be at least partially explained by their increased expression of NOS2. If this were true, we
would have expected to observe an increase in the infection of infected KO MDM compared to
WT MDM. Instead, we observed a similar proportion of infected WT and KO MDM as observed
in WT:WT mixed chimeric controls (Fig. 11D). This is consistent with a recent report by Mishra
et al., who have demonstrated that although NOS2 is important for Mtb control, unlike IFNvy, the

requirement for NOS2 does not appear to be cell-intrinsic to the infected macrophage (52).
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In order to identify whether there were other different transcriptional programs engaged
by AM and MDM, we used a computational package called cMonkey?2 (90). This analysis
groups together genes which have similar expression patterns and also share transcription factor
(TF) binding sites (Fig. 12A). Through this, 14 distinct biclusters were identified (Fig. 12B). In
large part, the differential expression of these clusters correlated either with cell type (ex:
bicluster 4, 6, 11) or infection state (ex: bicluster 1, 3,5, 7, 8). Bicluster 9, however, appeared
quite distinct as it was highly expressed only in infected MDM. Given that this cell type seems to
be more protective, this bicluster had the potential to reveal a transcriptional signature of this
protection. We next investigated the TFs predicted to regulate bicluster 9. The cMonkey2
analysis package uses 3 different TF motif discovery methods. 4 of the 23 TFs were identified
using 2 out of these 3 methods (Table 2). The gene expression of 3 of these 4 transcription
factors (not IRF2) directly or inversely mimicked the expression of the bicluster itself (Fig. 12C).
Interestingly, these 3 TFs have all been previously been shown to play a regulatory role in
proliferation (111-115). In line with this, our GSEA analysis also indicated that multiple
pathways corresponding to proliferation were differentially expressed, specifically in the
direction of infected AM being more proliferative than infected MDM (Fig. 12D). To validate
this, we performed BrdU pulse experiments. Here, we observed that infected AM were indeed
more proliferative than infected MDM (Fig. 13A-B). Interestingly, the infected AM also seemed
to be proliferating more than uninfected AM, whereas at D22 MDM showed the opposite
phenotype, infected cells exhibited less proliferation than uninfected cells. Thus, not only are
AM more permissive to bacteria, but infection may somehow induce the expansion of this cell

type and thus provide new targets for Mtb.
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Figure 12: Transcription factor analysis of D20 infected macrophages predicts differential proliferation of infected
macrophages.

(A) Schematic depicting the workflow, cMonkey2, used to identify transcription factor regulators of differentially
expressed genes. First, gene expression data is clustered based on similar expression levels. Next, these clusters are
iteratively refined based on whether genes share predicted transcription factor binding sites. This results in a series
of biclusters which are unified based both on similar expression patterns as well as predicted transcription factors
that regulate them. (B) Heatmap of the biclusters generated by cMonkey?2 of infected and uninfected AM and MDM
at D20. (C) Gene expression analysis of the 4 transcription factors identified with multiple algorithms (see Table 2)
to regulate bicluster 9. (D) Gene set enrichment analysis of two pathways related to proliferation. Pairwise
comparisons are shown between the different groups (u = uninfected, i = infected). The direction of the bars indicate
which group was enriched in the gene set. * indicates FDR < 0.05.
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MEME TFBS_DB WEEDER
ARID3A DBP E2F6
E2F8 GRHL1 E2F8
EBF1 MAFB ELK3
FOXA3 MECOM FOSL1
FOXD1 MESP1 GLIS3
FOXJ2 MXD3 GRHL2
GLIS3 NR4A3 IRF2
IRF2 RXRA KLF7
KLF7 SOX17 SOX6
ZFP148 SPIC TAL2
ZFP410 TCF7L2 ZBTB14
ZFP516 TRP73 ZFP148
ZIC1 XBP1

Table 2: Predicted regulators of bicluster 9
The cMonkey?2 package uses 3 different algorithms to predict transcript factor binding sites (MEME, TFBS_DB,
and WEEDER). This table depicts the transcription factors which were predicted by each of the algorithms to

regulate bicluster 9.
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Figure 13: Infected macrophages display differential proliferation

(A) Proportion of AM and MDM which have taken up BrdU at the given timepoints (n=3-4 mice/group/timepoint).
(B) Fluorescence image of an infected AM at D14 which seems to be in the process of dividing. Single-group
comparisons were performed by paired t test. *p < 0.05,%* p < 0.01, ***p < 0.001. All experiments were performed

at least 2-3 times.
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Finally, given these differences in the responses of AM and MDM during Mtb infection,
we sought to characterize how the bacteria itself was responding to these distinct host niches. To
achieve this, we took advantage of a recently described method for enrichment of Mtb RNA
from within mammalian macrophages which can then be used to perform RNA-seq (91). We
sorted AM and MDM from D20 infected animals and sequenced the transcriptomes of Mtb from
each of these cell types. When we perform PCA, we observe that the Mtb recovered from AM

cluster distinctly from the Mtb recovered from MDM (Fig. 14A). We next investigated the
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Figure 14: Mtb segregate transcriptionally on the basis of cell type.

(A) PCA plot of RNA-seq data from Mtb sorted from infected AM and MDM at D20 (each sample was generated
from the lung cells sorted from 2 pooled mice, n=4 samples/group). (B) Classification of the types of genes which
were significantly differentially expressed in the Mtb recovered from each cell type.

functional processes the differentially expressed genes were associated with (Fig. 14B). There
were more than twice as many differentially expressed genes in AM Mtb compared to MDM
Mtb. However, the major processes these genes were involved in for both cell type was
intermediary metabolism and cell wall processes. Within this set of differentially expressed

genes were transcripts involved in the type VII secretion system of Mtb. This system provides
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the means for transporting proteins out of the bacterial cell. The Mtb genome encodes five of
these secretion systems: ESX1-ESXS5 (116). ESX-1, -3, and -5 have previously established roles
in virulence, while the function of ESX-2 and ESX-4 is less clear. Interestingly, all of the
differentially expressed genes associated with ESX-1 and ESX-5 were more highly expressed in
the AM Mtb, while the sole ESX-4 gene was higher in MDM Mtb (Fig. 15). Thus, the AM Mtb

seem to be better engaging known virulence genes in the cell type in which they are growing

better.
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Figure 15: Mtb secretion system genes are differentially expressed in infected macrophages.
Relative expression of genes related to the ESX secretion systems in AM and MDM. Brackets indicate specific
secretion system each gene is associated with.

Lastly, we attempted to understand whether the transcriptional state of the bacteria
aligned with any known stress responses. One of the stresses that Mtb encounters within the host
is oxygen deprivation or hypoxia (117). During TB disease, the aggregation of immune cells at
the site of infection leads to the formation of a structure called the granuloma. The purpose of the

granuloma is to wall off the bacteria, preventing its spread, and oxygen levels are often low at
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the center of this structure. While this hypoxic environment can aid in bacterial killing (118),
Mitb can also sense and respond to this change by engaging transcriptional programs that permit
survival through alterations in metabolism and energy use (119, 120). Our collaborators have
previously performed a detailed time course of the transcriptional response of Mtb grown in
liquid culture to hypoxia. Here, oxygen levels are gradually reduced over 40 hours and
maintained at 0% for around 70 hours (Fig. 16A). By sampling the bacteria throughout this
process, they have identified transcriptional signatures that distinguish: normoxia, oxygen
depletion, early hypoxia, mid hypoxia, late hypoxia, and resuscitation (oxygen reintroduction)
(Fig. 16B-C). We used these signatures to test whether differentially expressed Mtb genes from
AM or MDM aligned with a particular phase of hypoxia (Table 3). Here, we found that there was
highly significant overlap between genes upregulated in MDM bacteria and those that define late
hypoxia. In contrast, the genes upregulated in AM bacteria were most significantly associated
with mid hypoxia, though there was also significant association with early hypoxia and
resuscitation. These results support the idea that MDM, the more protective cell type, presents a

more hostile environment for Mtb, as is evidenced by the late hypoxia signature identified.
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Figure 16: Characterization of transcriptional hypoxia states in Mtb.

(A) Mtb was grown in liquid culture and oxygen was gradually depleted from time O to 40hrs. Hypoxia was
maintained until 120hrs before reaeration. Dots indicate timepoints when samples were taken for RNA-seq. (B) PCA
plot showing the clustering of RNA-seq data from each timepoint sampled. (C) Genes were clustered based on the
phase when they were most highly expressed. Normalized counts for the genes in each set are overlaid on the time
course.
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# enriched # hypoxia state |#intersect| adjp

Cell type genes hypoxia state genes genes value
MDM Mtb 179 early_hypoxia 327 6 0.99338
MDM Mtb 179 mid_hypoxia 320 5 0.9971
MDM Mtb 179 late_hypoxia 978 69 6.3E-06
MDM Mtb 179 resuscitation 429 5 0.99995
AM Mtb 317 early_hypoxia 327 35 0.02392
AM Mtb 317 mid_hypoxia 320 41 0.00056
AM Mtb 317 late_hypoxia 978 49  0.99997
AM Mtb 317 resuscitation 429 49 0.00256

Table 3: Mtb in AM display a transcriptional signature of late hypoxia.
Differentially expressed genes enriched in bacteria recovered from AM and MDM were tested for overlap with
hypoxia state gene sets (defined in Fig. 15C).

Discussion

The route of Mtb infection, phagocytosis, permits many different types of immune cells
to potentially become infected. However, the cell-type specific responses of the major phagocyte
targets of in vivo infection remain understudied. In addition, while many new vaccine candidates
aim to boost the CD4 T cell response, the capacity of this cell type to confer early immunity is
unknown. Here, we found that Mtb-specific CD4 T cells are unable to provide protection during
the first week of infection. T cells do provide protection at two weeks post-infection, once MDM
become the major infected cell type. Through a comparative analysis of AM and MDM, we
observe that MDM are more protective and better engage antibacterial programs than AM. Our
host transcriptional analysis also predicted there would be differences in metabolism and
proliferation between the two cell types, which we validated experimentally. Finally, we also
performed Mtb transcriptional analysis and found that bacteria recovered from MDM seemed to

be experiencing sustained hypoxia compared to bacteria in AM.

43



These results are consistent with a number of recent studies which have also
characterized early phagocyte responses during Mtb infection (46, 53). Huang et al. found that
recruited macrophages were more restrictive to Mtb while AM were more permissive using a
number of bacterial fitness reporter strains. They also performed transcriptional analyses which
aligns with our data with regard to differences in: replication, metabolism, and proinflammatory
signaling. Rothchild et al. performed a detailed time course of the transcriptional response of
infected AM starting 1d post-infection. Here, they saw that the transcriptional changes that occur
upon AM infection are remarkably non-inflammatory. Together, these studies provide strong
evidence that the natural response of the AM may be detrimental to the host and could contribute
to establishing a state of infection which is difficult to clear. The studies performed in this
chapter extend on these publications by considering how the phenotype of the AM may
negatively affect the ability of the adaptive immune response (i.e. CD4 T cells) to respond
productively and rapidly. In addition, we have begun to characterize the response of the bacteria
within these macrophages, which likely influences host immunity and could reveal new avenues
for therapeutic intervention.

A number of open questions related to this work remain. Given the permissive, non-
inflammatory nature of the AM, is it possible to make this cell type more bactericidal? From
these studies, we do not find an obvious defect in the AM with regard to its ability to present
antigen or respond to IFNYy. The positioning of this cell type in the lung airways necessitates
strong regulatory mechanisms be in place in order to prevent excessive activation which could
lead to organ damage. Perhaps modulation of one or more of the inhibitory receptors known to
be expressed on the surface of AM could release the brakes and permit better bacterial control.

While this work focused on early Mtb infection, future studies should investigate the dynamics
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of phagocyte immunity during chronic infection. For example, what is the proportion of different
cell types infected at late time points? Previous work has demonstrated that chronic infection
leads to CD4 T cell exhaustion, but what about the functionality of the phagocytes? These

studies could help to inform new strategies for post-exposure prophylaxis or therapeutics.
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CHAPTER 4: BCG-induced T cells shape Mycobacterium tuberculosis infection before
reducing the bacterial burden

Introduction

Bacillus Calmette-Guerin (BCG), the current tuberculosis (TB) vaccine, is effective at
preventing disseminated disease in infants and young children (121). However, in most settings
it provides little or no protection against adult pulmonary TB, the transmissible form of disease
(19). Thus, despite widespread BCG immunization for nearly a century, Mycobacterium
tuberculosis (Mtb) kills over 1.5 million people every year, more than any other single infectious
agent (2). A better TB vaccine is urgently needed, but attaining this goal has been surprisingly
difficult (95). Furthermore, because BCG reduces childhood mortality, a new vaccine will likely
be added to a regimen that includes BCG, rather than replace it (26). To develop a strategy that
builds upon BCG-mediated protection, we must first understand how BCG shapes immunity to
Mitb, especially during early stages of infection when protective immunity is established.

In mice, pulmonary Mtb burdens are equivalent between BCG-immunized and control mice until
two weeks after infection (122). The failure of BCG to impact the Mtb burden during the first
two weeks of infection has been attributed to the delayed arrival of T cells in the lung (123).
However, BCG-specific T cells have been shown to be present in the lungs (124) of immunized
mice even prior to Mtb challenge, indicating that impaired T cell recruitment cannot fully
account for the inability of BCG to induce early protection.

In this study, we utilized the mouse model to investigate the impact of BCG on the early
immune response to Mtb infection. Our findings reveal unexpected roles for CD4 T cells in: 1)
accelerating the translocation of Mtb-infected alveolar macrophages (AM) into the lung
interstitium; 2) recruiting monocyte-derived macrophages; and 3) promoting the early transfer of

Mtb from AM to other phagocytes. Despite these effects, a vaccine-induced reduction in the lung
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bacterial burden does not occur until co-localization of CD4 T cells with infected macrophages,

which is delayed until two weeks post-infection even in vaccinated animals.

Results and Discussion
BCG vaccination promotes Mtb egress from AM early in infection.

To understand the effects of BCG immunization on early Mtb infection, we examined the
pulmonary Mtb burdens in BCG-immunized and control mice. Consistent with prior reports
(122, 123), lung burdens rose similarly in both groups through two weeks (Fig. 1A). At D15, the
Mtb burden in the immunized group began to diverge and was reduced by one log by D21. These
findings are consistent with the idea that BCG-induced immunity is not initiated until the third
week of Mtb infection.

We recently found that Mtb first infects AM before disseminating to other cells,
including neutrophils (PMN) and monocyte-derived macrophages (MDM) (45). As tissue-
resident and recruited phagocytes have been shown to differ in their capacity to curb Mtb
replication (46, 58), we next asked whether immunization alters the proportions of cell types that
harbor infection. Consistent with the similar Mtb burdens at D14, the numbers of cells harboring
fluorescent Mtb (Mtb-mCherry) were also similar in each group (Fig. 1B). Surprisingly, even at
this early phase, we observed a dramatic shift in the composition of infected cells. At D14, by
gating on mCherry* cells, we found that the proportion of Mtb-infected AM was significantly
reduced in immunized animals compared to controls, with a corresponding increase in infected
PMN and MDM (Fig. 1C-D). There was no effect on the infection of DCs (Supplemental Fig.
1A). We confirmed these findings using confocal microscopy and quantitative histocytometry

(88), wherein most Mtb was within SiglecF* AM at D14 in controls but within CD11b* SiglecF
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Figure 1: BCG vaccination promotes Mtb egress from AM early in infection.

(A) Mtb burden in the lungs of mice that did or did not receive BCG (n=4 mice/group/ timepoint). (B) Total number
of mCherry" lung cells at D14 by flow cytometry (n=4-5 mice/group). (C) Representative flow plot of the proportion
of mCherry" cells identified as CD11c" Siglec-F*AMs at D14. (D) Composition of mCherry" lung cells (AM:
CDl11c* Siglec-F*, PMN: CD11b* Ly6G*, MDM: CD11b" CD64") at D14 by flow cytometry (n=4-5 mice/group).
(E) Representative images of the lung at D14 showing infected Siglec F* AM (orange arrows) and infected Siglec F-
CDI11b" cells (white arrows). (F) Composition of mCherry™ lung cells at D14 by quantitative histocytometry (n=6-8
infectious foci from 2 mice/group). (G) Ratio of airway label positive infected AM at D14 (n=5 mice/group). (H)
Number of MDM in the lung at D14 by flow cytometry (n=4-5 mice/group). Single-group comparisons were
performed by unpaired t test. Data are presented as mean + SEM. *p < 0.05, **p <0.01, ****p <0.0001. All
experiments were performed at least 2-3 times.

cells (primarily PMN and MDM) in immunized mice (Fig. 1E-F). As Mtb dissemination to PMN
and MDM requires translocation of infected AM to the lung interstitium (45), we next assessed
whether this translocation was accelerated in immunized mice. Indeed, intratracheal antibody
administration, which specifically labels alveolar-localized cells (45), revealed significantly
increased interstitial localization (label-negative) of infected AM in immunized mice at D14

(Fig. 1G). Importantly, the changes in infected cell types was independent of changes in AM or
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Supplemental Figure 1: Quantification of infected DCs, early phagocyte cellularity, and T cell depletion efficacy.
(A) Proportion of mCherry+ cells which were identified as DCs (CD11c+ MHCII+ CD64-) at D14 post-infection.
(B) Quantification of the number of AM, PMN, and MDM in the lungs of animals prior to and following Mtb
infection as determined by flow cytometry (n=4-5 mice/group). Single-group comparisons were performed by
unpaired t test. Data are presented as mean + SEM. (C) Total numbers and proportions of CD3+ CD4 and CD8 T
cells in the lungs of control, BCG, and BCG animals that were treated with CD4 or CD8-depleting antibodies (n=4
mice/group). (D) Representative flow plots showing the proportion of CD3+ cells that are CD4 and CD8 T cells

recovered from the lungs.

PMN cellularity as we found no differences in the numbers of these cells following

immunization or infection (Supplemental Fig. 1B). Finally, immunization significantly enhanced
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MDM recruitment to the lung at D14 (Fig. 1H), which was not observed at earlier time points or
prior to infection (Supplemental Fig. 1B), suggesting that the accelerated recruitment of MDM in
immunized mice begins between D10 and D14. Thus, although BCG does not impact the
pulmonary Mtb burden in the first 2 weeks of infection, it accelerates the translocation of
infected AM from alveoli to the lung interstitium, MDM recruitment, and Mtb dissemination to

PMN and MDM.

BCG accelerates the recruitment of antigen-specific T cells to the lung following Mtb
infection.

This unexpected impact of BCG on the early dynamics of infection led us to next
investigate how immunization affects the kinetics of T cell recruitment to the lung. Before
infection, antigen-specific CD4 (Ag85B) and CDS8 (TB10.4) T cells could be identified in lung
cell suspensions of immunized mice (Fig. 2A-C). Although ~25% of the Ag85B-specific CD4 T
cells were located in the lung parenchyma (as evidenced by their failure to stain with i.v. CD45
antibody), virtually all of the TB10.4-specific CD8 T cells resided in the vasculature (Fig. 2D).
This difference is consistent with a recent report that lung CD4 T resident memory cells may be
maintained for longer than CD8 T cells (125). Following infection, immunized mice had
significantly more TB10.4-specific cells, as well as Ag85B-specific CD4 T cells, in the lung
parenchyma than controls as early as D10; by D14 they contained >5-fold more (Fig. 2B-C).
Thus, BCG induces a small population of lung-resident Mtb-specific CD4 T cells prior to
infection. After infection, BCG accelerates the pulmonary accumulation of both CD4 and CD8

Mtb-specific T cells, even before impacting the Mtb burden.
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Figure 2: BCG accelerates the recruitment of antigen-specific T cells to the lung following Mtb infection.

Time course of the number of tetramer-specific T cells in the lung. Mice received i.v. CD45 antibody prior to
sacrifice. (A) Representative flow plots showing Ag85B-specific (CD3"CD4") and TB10.4-specific (CD3'CD8") T
cells in the lungs of control and immunized mice prior to infection. The tetramer” cells in immunized mice are
further gated on CD45 i.v." to determine the proportion in the lung parenchyma. Total number of i.v.” Ag85B-
specific (B) and TB10.4-specific (C) cells in the lungs of control and immunized mice (n=3-5
mice/group/timepoint). (D) Proportion of tetramer” cells that are i.v.” in immunized mice at DO (n=5 mice/group).
Single-group comparisons were performed by unpaired t test. Data are presented as mean + SEM. *p < 0.05, **p <
0.01, ***p < 0.001. All experiments were performed at least twice.

51



CD4 T cells are required for the accelerated transfer of Mtb from AM to recruited
phagocytes.

Given the presence of lung-resident Mtb-specific T cells in immunized mice prior to
infection, we next determined whether T cells play a role in the accelerated transfer of Mtb from
AM to other myeloid cells. CD4 or CD8 T cells were depleted from immunized mice beginning
1 day prior to Mtb-mCherry infection and lung cells were assessed at D14 (Supplemental Fig.
1C-D). In the absence of CD4 T cells, the accelerated transfer of Mtb from AM to PMN and
MDM was partially reversed, whereas CD8 T cell depletion had no effect (Fig. 3A).
Interestingly, the accelerated MDM recruitment (Fig. 1H) was also abolished by CD4 depletion
(Fig. 3B). To assess whether antigenic recognition by CD4 T cells, even in the absence of
vaccination, was sufficient to transfer Mtb infection from AM to other phagocytes, we
adoptively transferred transgenic Mtb ESAT-6-specific CD4 T cells (C7), or OV A-specific CD4
T cells (OT-II) as a control, into unimmunized mice that were infected with Mtb 10 days prior.
Four days later (D14) we observed that ESAT-6-specific, but not OV A-specific T cells, were
sufficient to induce the transfer of infection out of AM (Fig. 3C), suggesting that antigen-specific
CD4 T cell activation is needed to mediate this effect. Finally, we investigated whether direct
recognition of Mtb-infected cells by CD4 T cells was required for the early dissemination out of
the AM niche. WT (CD45.1):MHCII"- (CD45.2) mixed bone marrow chimeras were generated,
BCG immunized, and infected with Mtb-mCherry to test whether MHCII”- AM, which cannot
present antigen to CD4 T cells, would retain Mtb longer than WT AM. At D14, BCG induced the
accelerated transfer of Mtb from AM to other myeloid cells irrespective of intrinsic MHCII
expression (Fig. 3D). Taken together, BCG-induced CD4 T cells promote the early transfer of

Mtb from AM to other myeloid cells in a process that seems to require antigenic recognition, but
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Figure 3: CD4 T cells are required for the accelerated transfer of Mtb from AM to recruited phagocytes.

(A) Composition of mCherry* cells in control, immunized, and T cell-depleted immunized mice at D14 (n=4
mice/group). (B) Total number of MDM as in (A). (C) Composition of mCherry” cells at D14 in mice that received
either OTII or C7 Th1 cells at D10 (n=5 mice/group). (D) Composition of CD45.1" WT (left) and CD45.2" KO
(right) mCherry”* cells in control and immunized mixed bone marrow chimeras at D14 (n=3-4 mice/group). Single-
group comparisons were performed by unpaired t test (C-D) and multiple-group comparisons by one-way ANOVA
(A-B). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. All experiments
were performed at least twice.

does not require direct cognate interactions between T cells and Mtb-infected AM. Our finding
that CD4 T cells promote MDM recruitment to the lung, thereby providing new bacterial targets,
may help explain the increased proportion of infected MDM in immunized animals. This
recruitment likely relates to T cell production of cytokines, such as IFN-y and TNF, which are

known to trigger the release of chemokines that act on MDM, i.e., CCL2 and CXCL10 (126).
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BCG-induced CD4 T cells are initially activated distal to the site of Mtb infection.

Given that CD4 T cells seem to induce the transfer of infection independent of direct
interactions with infected cells, we next sought to monitor T cell activation in the lung using
phospho-S6 (pS6), a ribosomal protein that is rapidly phosphorylated after TCR engagement and
can be detected both by flow cytometry and confocal microscopy. Although previous work has
shown that pS6 specifically marks T cells that have recently engaged their TCR (peaking at 4h
and resolving within 24h) under homeostatic conditions (127), we first confirmed this specificity
in the context of Mtb-infected lungs by showing robust pS6 expression by adoptively transferred
TCR transgenic Mtb-specific (ESAT-6; C7) CD4 T cells compared to irrelevant TCR transgenic
T cells (OVA-specific) (Supplemental Fig. 2A). Next, we examined pS6 in the endogenous,
polyclonal CD4 T cell population to monitor the kinetics and location of TCR signaling during
early Mtb infection. While there were very few pS6* CD4 T cells in the lungs of either control or
immunized mice prior to Mtb challenge, as measured by flow cytometry (Supplemental Fig. 2B),
pS6* CD4 T cells were readily identified in the vasculature of both unimmunized and immunized
mice by D10, and were present in higher numbers in the lung parenchyma of immunized mice

compared to controls (Supplemental Fig. 2C, Fig. 4A).
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Supplemental Figure 2: pS6 as a marker of TCR stimulation.

(A) Mtb-specific C7 and OV A-specific OTII CD4 T cells were stimulated in vitro for 5d to generate Th1 cells.
These were then co-transferred into D35 Mtb-infected animals. Quantitative histocytometry was used to determine
pS6+ C7 and OTII cells. (B) Flow cytometry quantification of the number of i.v.- pS6+ CD4 T cells in mice prior to
Mtb infection. (C) Representative flow plots of pS6 expression in lung T cells at D14. These plots are gated on i.v.-
CD4+ cells. (D) Quantification of the number of i.v.+ CD4+ CD44lo cells in the lungs of Mtb-infected, BCG
immunized animals that did or did not receive FTY720 treatment.
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Figure 4: BCG-induced CD4 T cells are initially activated distal to the site of Mtb infection.

Total numbers of i.v."and i.v.” pS6" CD4 T cells at D10 (A) and D14 (E). Quantitative histocytometry was used to
identify the location of CD4 T cells (blue) and pS6* CD4 T cells (green) relative to infected cells (red) in lung
sections at D10 (B) and sites of infection at D14 (F). (C) Number of pS6" CD4 T cells per mm? of lung at D10 as
determined by quantitative histocytometry (n=2-3 mice/group). Total numbers of i.v."and i.v. pS6" CD4 T cells at
D10 (D) and D14 (H) in immunized mice treated with FTY720. (G) Number of pS6* CD4 T cells within 80 pm of
an infected cell (n=6-8 sections from 2 mice/group). This cutoff was based on the limit of IFNYy diffusion within
tissue (128). Single-group comparisons were performed by unpaired t test. Data are presented as mean = SEM. *p <
0.05, **p < 0.01.

In order to assess the intrapulmonary location of these pS6+ cells, we performed confocal
imaging and quantitative histocytometry (Supplemental Fig. 3). Consistent with our flow
cytometry data, there were significantly more pS6* cells in lung sections from immunized mice
at D10 (Fig. 4B-C), but surprisingly, few of these cells were located near infected cells (Fig. 4B,
G). Thus, although BCG induces early T cell recruitment and activation, at D10 this occurs
primarily in uninfected areas of the lung. This may be due to Mtb antigen export from infected to
uninfected antigen-presenting cells (129), but could represent T cells that have recently
trafficked from the lymph node (LN). To address this, we treated mice with FT'Y720, which

blocks lymphocyte egress from lymphatic tissue, for 48 hours prior to analysis (Supplemental
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Supplemental Figure 3: Description of quantitative histocytometry analysis

A representative confocal image, histocytometry plots, and representative positional mapping are displayed. To
perform this analysis, 20um lung sections were stained with fluorescently-labeled antibodies and imaged with 12
parameter confocal microscopy. Surface objects are formed around each individual cell in Imaris (Bitplane), then
exported into FlowJo. Gating of complex cell populations is completed using retained fluorescence data for each
cell. Using retained positional data, cell types can be visualized in three-dimensional space. Overall, this allows us to
achieve flow cytometry-like capacity to discriminate various cell subsets using their phenotypic and functional
properties, while retaining information on their precise positioning within tissues. The population mapping is
displayed both as dots indicating the position of gated cell objects (bottom left), and as shaded cell objects (bottom
right). More detailed information can be found in Gerner et al., 2012 (88).
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Fig. 2D). Although FTY720 treatment almost completely eliminated pS6* CD4 T cells in the
lung vasculature at D10, the number of pS6* T cells in the lung parenchyma (iv-) was only
partially reduced (Fig. 4D).These results suggest that most of the recently activated T cells in the
vasculature and a subset of those in the lung parenchyma had recently egressed from the lymph
node. However, some of the pS6* cells in the lung parenchyma at D10 were likely activated in
the lungs. Taken together, the activation of BCG-induced CD4 T cells, which occurs distal to
sites of infection, shapes immunity to Mtb challenge earlier than previously appreciated by
facilitating the pulmonary recruitment of MDM and accelerating the transfer of Mtb from AM to
other myeloid cells. This transfer likely influences the ability of the BCG-immunized host to
control Mtb, as prior studies have shown that tissue-resident vs. recruited macrophages differ
profoundly in their capacity to control Mtb replication (46, 58). Future studies are needed to
elucidate the overall impact on protection because the settings in which distinct macrophage
types mediate enhanced immunity remain unclear.

Interestingly, BCG-induced CD4 T cells only begin to curb Mtb replication at D14, when
they finally co-localize with cells harboring Mtb, as evidenced by the identification of many
pS6* cells in the lung parenchyma and at sites of infection compared to controls (Fig. 4E-G).
This is consistent with the finding that optimal immunity against Mtb requires direct interactions
between antigen-specific CD4 T cells and infected cells (100). Importantly, in contrast to our
findings at D10, at D14 FTY720 had no effect on the number of pS6* CD4 T cells recovered
from the lung parenchyma of BCG-immunized mice (Fig. 4H), suggesting that almost all of
these T cells were activated in the lungs rather than the lymph node. Why do T cells and Mtb-
infected cells not co-localize earlier? The AM is the first cell type to become infected and

remains the primary infected cell type for at least a week (45). During this time, the immune
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system appears largely unaware of the looming threat, as few MDM or PMN are recruited to the
lung. The recent finding that AM infection is non-inflammatory and poorly induces chemokines
may help explain the covert nature of early infection (53). Identifying vaccination approaches
that enable T cells to co-localize with Mtb-infected AM may promote earlier Mtb control.
Together, these results demonstrate that BCG immunization shapes early T cell and myeloid cell
responses in the lung and new vaccine strategies should consider the dynamics of both these

compartments.
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SUMMARY

Our findings provide new insight into the early immune response to Mtb infection. In
Chapter 3, we perform a comparative analysis of alveolar and monocyte-derived macrophages,
which are both targeted for infection. Here, we find that MDM robustly engage antibacterial
response programs, and are a more protective cell type than AM, which upregulate proliferation
and metabolic programs. In addition, we find that bacteria in MDM have a signature of hypoxic
stress. These studies suggest that the AM may represent an attractive target for
immunomodulation in order to shift this cell type towards a more protective response. In Chapter
4, we demonstrate how BCG immunization alters the cell types targeted for early Mtb infection.
Immunization induces a population of lung-resident CD4 T cells, which are present prior to Mtb
challenge, and are required for the more rapid transfer of bacteria from AM to lung-infiltrating
phagocytes. By assessing the location of T cell activation within the lung, we find that T cell
recognition of Mtb is initiated distal to the site of infection and precedes vaccine-induced
protection. Our findings suggest that delayed co-localization of T cells and infected macrophages
during the early stages of pulmonary infection represents an important barrier to protective
immunity. Together, these findings have the potential to guide future rationale vaccine design to

better control TB.
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