High bacillary burden and the ESX-1 type VII secretion system promote
MHC class I presentation to CD8 T-cells during Mycobacterium
tuberculosis infection

A Dissertation Presented

By

Daniel Mott

Submitted to the Faculty of the

University of Massachusetts Graduate School of Biomedical Sciences, Worcester

In partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

July 26, 2022

IMMUNOLOGY AND MICROBIOLOGY PROGRAM

1

High bacillary burden and the ESX-1 type VII secretion system promote
MHC class I presentation to CD8 T-cells during Mycobacterium
tuberculosis infection

A Dissertation Presented
By
Daniel Mott

This work was undertaken in the Graduate School of Biomedical Sciences
Program in Immunology and Microbiology

Under the mentorship of
Samuel M. Behar, M.D., Ph.D., Thesis Advisor
Christopher M. Sassetti, Ph.D., Member of Committee
Kenneth Rock, M.D., Member of Committee
Stuart M. Levitz, M.D., Member of Committee
Bryan Bryson, Ph.D., External Member of Committee
Hardy Kornfeld, M.D., Chair of Committee

Mary Ellen Lane, Ph.D.,
Dean of the Graduate School of Biomedical Science

2

Acknowledgments
My PhD has been quite a journey, a roller coaster with great highs and
lows. I would be lying if I said that it was always enjoyable, as there were many
points where I felt stuck and beaten down. Luckily, I was always surrounded by
great people who I could turn to for support and inspiration, and I owe a great
deal of gratitude to all of them.
Sam Behar has been so much more than a boss to me. He has been a
mentor, an inspiration, and a friend. I consider myself lucky to have joined a lab
with such a strong and inspirational leader. There are too many good things to
say about Sam, but I think that the most important qualities to highlight are his
patience, understanding, and humility. Sam has always been there when I
needed help, and was always eager to offer scientific, and more importantly,
morale support. I don’t know if I would have made it through an entire PhD
without such a fantastic mentor guiding me through it.
The Behar lab in general has been great. Although there have been many
changes over the past 7 years, there was always a steady flow of great people
and comradery. Jason Yang and Yu-Jung were the first students I had the
pleasure of working with. I started in the lab working on a rotation project for
Jason’s paper, and he and Ju-Yung showed me the ropes of TB immunology.
Jason and I formed a close bond, and he ended up being a wonderful mentor,

1

and a great friend to this day. I had the pleasure of working alongside Yu-Jung
for most of my PhD, and she was always gave the best advice and brightened
the lab with her enthusiasm and humor.
Other members were of course influential, and I want to thank everyone
who is or has been in the Behar lab during my stay. Evelyn Chang has been a
great friend since she joined a year after me and is always available for me to
vent my frustrations to. Rocky Lai is one of the smarted people I know and
always offers sound advice and loves having a good scientific chat.
The Sassetti lab members are almost an extension of our own lab, and I
owe much thanks to many Sasetti members. Kenan and Sunderam have been
my go-to microbiology pros. They have both always been patient with my poor
micro background, and thorough with their explanations. Mike Kiritsy made time
in tissue culture fun and was always ready to provide great scientific input and
collaboration. And of course, Chris Sassetti himself, who functioned as my TRAC
chair and was always supportive and inspirational. Chris has a way of making
everything seem fun and interesting, and his enthusiasm for science helps keep
everyone in the TB group motivated. Hardy Kornfeld was originally my qualifying
exam chair, served on my TRAC committee and is currently my thesis committee
chair. Hardy has always been dependable and helpful throughout my PhD. I
could always count on the rest of my TRAC committee including Javier Irazoqui
and Eric Huseby for constructive criticism and valuable feedback.

2

I was also lucky to be part of the MaPs and greater UMass community,
which is filled with amazing and friendly people who made UMass a fantastic
place to work. Allan Jacobson is a charismatic leader and has always made the
department a warm and welcoming place. I also want to thank Sage Foley for
helping me feel sane and keeping my spirits up. Christina Baer of the SCOPE
has helped me with all of my imaging experiments throughout my PhD and has
been instrumental in my progress.
Finally, I want to thank my family. My parents have always pushed me to
follow my dreams and supported me throughout my life. It hasn’t always been
easy living farther away from them, but they have always been there when I
needed them most. And most importantly, I want to thank my wife, Faith. It’s not
an understatement when I say that I don’t know how I would have done this
without her. Starting this journey in a new place where I didn’t know anyone was
made much easier having Faith with me. She has been by my side through it all,
celebrating with me during the best and supporting me during the worst times.
She has been my biggest fan and inspiration throughout everything, and I can’t
thank her enough.

3

Abstract
T-cell mediated immunity is required for optimal protection against
Mycobacterium tuberculosis (Mtb) infection, but often fails to completely clear the
pathogen. Mtb has evolved strategies to subvert host immunity so it can persist
in host cells despite pressure from innate and adaptive immunity. While cytotoxic
CD8 T-cells should recognize and clear infected host cells, eliminating Mtb’s
intracellular niche, previous findings have demonstrated otherwise 1. In fact, we
have shown that CD8 T-cells specific to the immunodominant antigen TB10.4
poorly recognize Mtb infected macrophages in vitro.
Here we extend our initial findings to show that class I MHC-restricted
epitopes other than TB10.44-11 are inefficiently presented by Mtb-infected
macrophages to CD8 T cells. The only exception we find is for heavily infected
macrophages. During high burden infections, macrophages cross-present
TB10.4 antigen to CD8 T-cells. These high burden infections result in
considerable cell death, and we find that uninfected macrophages effectively
scavenge dead cellular debris and cross-present this antigen to CD8 T cells.
Furthermore, we find that cross-presentation by heavily infected cells is
dependent on the ESX-1 type VII secretion system, suggesting that phagosomal
membrane damage and host cell death are crucial for effective class I MHC
cross-presentation during Mtb infection.
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Chapter I: Introduction
History and Outlook
Tuberculosis (TB) shares a long and intimate history with humans.
Mycobacterium tuberculosis, the causative agent of TB disease, belongs to a
larger group of closely related species known as the Mycobacterium tuberculosis
complex (MTBC) that is believed to have originated over 70,000 years ago 2.
Evidence of MTBC DNA and cellular components have been identified in
~11,000 and ~9,000 year-old human remains from Syria and Israel

3,4.

Evidence

for TB has also been found in ancient Egypt, where descriptions of TB lesions
are depicted in Egyptian art and evidence of acid-fast bacilli has been observed
in mummified specimens from as early as 1000 B.C

5,6.

Such a long and intimate

history with humans has allowed Mtb ample time to co-evolve and adapt,
therefore it is not surprising that TB has been a difficult adversary to eradicate.
Historically, TB is estimated to have killed over 1 billion people, and
preventive measures did not arise until the late 1800’s with the advent of germ
theory and sanitorium care for TB patients. It was not until the development of
antibiotics such as streptomycin and Isoniazid in the 1940s 6–8 that infection could
be effectively treated. While new antibiotic treatments and regimens have
emerged since then, TB still persists as one the deadliest infectious diseases,
accounting for around 1.3 million deaths among HIV negative people in 2020 9.
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TB eradication has been made especially difficult due to logistic and
socioeconomic issues which have exacerbated the steady evolution of new Mtb
strains and development of antibiotic resistances

7,9,10.

TB persistence and an

increased incidence of TB caused by multi-drug resistant (MDR) strains has
made the push for new antibiotics and effective vaccines even more urgent 9.
First tested in 1921, Bacillus Calmette–Guérin (BCG) remains the only approved
vaccine against Mtb, and yet its efficacy is highly variable among human
populations. BCG fares especially poorly at preventing adult pulmonary
tuberculosis

11,12.

While advances in tuberculosis vaccines have been made, and

a few promising candidates are in various stages of clinical trials, there is much
room for improvement 13.

Mycobacterium tuberculosis biology and pathogenesis
Pathogenesis
The causative agent of TB, Mycobacterium tuberculosis (Mtb), is slow
growing, acid-fast bacilli with a unique thick and waxy cell-wall that makes it
resilient to environmental stressors and toxins14. Pulmonary TB is the most
common form of TB infection and is initiated when aerosolized droplets
containing Mtb bacilli are inhaled into the lung alveoli

15,16.

TB infection can be

viewed as a spectrum of disease: ranging from exposed patients who
successfully cleared any bacteria, to patients with symptomatic, active TB
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disease17. It is estimated that around 5 – 10% of infected individuals go on to
develop active TB, while the majority of infections persist as asymptomatic, latent
TB that is only evident via screenings and by postmortem pathology. Latent Tb is
complicated to define since patients with latent infection share many signs with
patients who have cleared the infection with an adaptive immune response.
Shared signs of latent and cleared TB infection include positive tuberculin skin
test (TST) and interferon gamma (IFN-γ) release assay (IGRA), and negative
sputum smears

17,18.

While patients with latent TB can remain perfectly healthy, it

can potentially progress. The biology that contributes to progression to active
disease is poorly understood, but it is generally associated with risk factors that
result in immune deficiencies and/or lung damage such as HIV, chemotherapy,
and smoking17,18.
Once in the lungs, Mtb bacilli are phagocytosed by resident alveolar
macrophages, which are unable to eliminate the bacteria

14,18,19.

Mtb activates

several pattern-recognition receptors (PRR) including TLR-2 and TLR-4, resulting
in the production of pro-inflammatory cytokines, including TNFα, IL-1B, IL-6, IL12, IL-15 and IL-18; as well as anti-inflammatory cytokines, including IL-10,
TGFB, and IL-4

20,21.

This results in localized inflammation and influx of innate

immune cells such as inflammatory monocytes and neutrophils to the site of
infection

16,18,22.

The cellular milieu in infected lungs represents a heterogenous

population that can differ based on mouse background, Mtb strain, and immune
pressures23,24. The adaptive immune response is initiated after Mtb is trafficked
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into the mediastinal lymph node where dendritic cells present Mtb antigen and
prime lymphocytes

25,26.

The adaptive immune response cooperates with innate

immune cells “wall off” the infection in structures called granulomas to restrict
Mtb growth [Fig.1.1]

27–29.

This balance is sufficient to contain infection in most

individuals, but failure to contain Mtb results in progression to active disease
where the bacilli can be aerosolized and spread 16,17,30.
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Figure 1.1: Mtb pathogenesis
An overview of Mtb pathogenesis indicating the events of initial infection of lung
alveolar macrophages, innate and adaptive immune phases, and bacterial
containment or progression to active disease. Source: Nunes-Alves, et al. (2014).
In search of a new paradigm for protective immunity to TB. Nature Reviews.
Microbiology, 12(4), 289–299. https://doi.org/10.1038/nrmicro3230
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Phagosomal Arrest
Antigen presenting cells (APC) such as macrophages identify and
endocytose material through scavenger receptors present on their cell surface. A
variety of scavenger receptors have been identified that bind to and facilitate
phagocytosis of Mtb including MRC1 (CD206/CLEC13D), Dectin-1 (CLEC7A)
Dectin-2 (CLEC6A), Mincle (CLEC4E), and Dendritic Cell-Specific Intercellular
adhesion molecule- 3-Grabbing Non-integrin (DC-SIGN/CD209/CLEC4L)

31,32.

Once intracellular, Mtb has a variety of strategies to subvert immune responses
and survive within phagocytic cells at its disposal

30,33.

Normally, phagosomes

undergo a series of trafficking and fusion events to mature and degrade engulfed
materials, but Mtb effectively blocks this maturation

34.

Mtb-containing

compartments (MCC) phenotypically resemble early endosomes, bearing Rab5
and lacking late-endosomal markers such as LBPA and Rab7

35.

MCC fail to

acquire tethering proteins such as EEA1, which is critical for acquisition of
lysosomal components from the trans-golgi-network (TGN)

36.

The EEA1 C-

terminus contains a FYVE domain that interacts with PI3P and an adjacent Rab5
binding region. EEA1 associates with phagosomes through PI3P, which is
generated on the phagosomal membrane by the PI3-kinase VPS31. EEA1phagosome association is also dependent on Ca2+/calmodulin, which may
stabilize the interaction between EEA1 and PI3P or activate VPS31

37,38.

EEA1

binds to Rab5 on the phagosome and tethers it to vesicles from the TGN via the
15

SNARE syntaxin-6. While the role of Rab5 in this process is unclear, it is
presumed that its GTPase activity facilitates the subsequent fusion of the
phagosome and lysosomal vesicle

39.

In addition to EEA1, the tethering protein

Hrs is also excluded from MCC. Like EEA1, Hrs contains an FYVE-PI3P binding
domain and is involved in phagosomal maturation

40.

Studies from Philips’ group

propose that Hrs recruits ESCRT machinery to phagosomes and facilitates
lysosomal-phagosomal fusion

40,41.

Overall, Mtb effectively prevents recruitment

of tethering machinery to the phagosome and therefore blocks fusion with
lysosomal compartments, allowing it to persist intracellularly.
Mtb’s ability to arrest phagosomal maturation is critical to its virulence and
relies

on

several

bacterial

factors.

For

example,

the

Mtb

glycolipid

lipoarabinomannan (LAM) incorporates into the phagosomal membrane and
prevents PI3P accumulation and EEA1 recruitment [Fig.1.2]

42.

A proposed

mechanism from the literature suggests that Mtb LAMs cause their effect via
inhibition of Ca2+ flux and calmodulin activity at the phagosomal membrane

38,43.

While this block is transient, Mtb is capable of actively de-phosphorylating PI3P
with its secreted acid phosphatase (SapM), thus maintaining phagosomal arrest
44,45.

It is also proposed that the Mtb Nucleoside Diphosphate Kinase (NDK)

functions to directly inactivate Rab5 by de-phosphorylating bound GTP to GDP,
also preventing the recruitment of EEA1

46.

Additionally, Mtb encodes a secreted

tyrosine phosphatase (PtpA) that contributes to phagosomal arrest by dephosphorylating the host factor VPS33B, which is involved in vesicular trafficking

16

between golgi and endosomal compartments

47.

While this list is not exhaustive,

it is clear that Mtb inhibits phagosomal maturation by blocking vesicular
trafficking from the TGN.
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Figure 1.2: Mtb mediators of phagosomal arrest
Diagram depicting how the Mtb effectors LAM, SapM and NDK participate in
inhibiting phagosomal maturation by preventing the recruitment of lysosomes and
trans-golgi vesicles.

Phagosomal escape and cell death
While phagosomal arrest is critical for the survival of Mtb, bacteria must
eventually escape cells in order to spread. The first step of this process is
believed to be phagosomal permeabilization and escape, and cytosolic Mtb is a
well-documented phenomenon

48.

Phagosomal escape requires permeabilization

and rupture of the phagosomal membrane, and has been shown to be dependent
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on RD1 locus

49.

The RD1 locus was first identified as being responsible for the

attenuation of non-pathogenic Mycobacterium such as bacillus Calmette-Guerin
(BCG), and deletion of this locus in virulent strains of Mtb drastically diminishes
virulence in vivo and in vitro

50,51

The RD1 locus contains several genes that

contribute to Mtb’s pathogenicity, including the type VII secretion machinery
ESX-1

50,52,53.

ESX-1 encodes the secretion machinery itself, as well as several

secreted proteins such as ESAT-6, a secreted effector with pore-forming
capabilities that permeabilizes endosomes54. In addition to ESX-1, several other
genes have also been identified that contribute to phagosomal permeabilization
and host-cell death. For example, Mtb Rv3167c functions as a negative regulator
of phagosomal rupture and its knockout results in enhanced escape and necrosis
of hosts cells

55;

and the PhoP regulon, which has been shown to regulate a

variety of processes of Mtb, most notably genes within the RD1 locus such as
ESAT-6. Like RD1, deletion of PhoP results in attenuation of Mtb and enhanced
host-cell survival

56–58.

Natural variability also exists in clinical isolates, such as

JAL2287 and MYC431, which exhibit increased cytosolic localization compared
to the lab strain H37Rv59.
Phagosomal escape is followed by necrotic death of the host cell, which
constitutes in integral stage in the Mtb infection cycle

49.

Mtb virulence and

inflammatory environments result in higher neutrophil recruitment and necrosis,
establishing a nutrient rich environment for bacterial growth and spread

60–63.

There are several ways in which Mtb induces cell death in conjunction with the
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ESX-1 induced phagosomal rupture described above. For one, Mtb secretes
tuberculosis necrotizing toxin (TNT), which depletes the host cell’s NAD + pool
and drives necrosis

64.

Conversely, apoptosis has anti-inflammatory outcomes

and results in better control of Mtb growth

65.

Apoptotic vesicles containing Mtb

are more effectively cleared by bystander macrophages by efferocytosis and can
help prime CD8 T-cell responses

66–68.

Mtb infection actively skews cell death

towards necrosis by promoting production of the pro-necrotic lipid mediator LXA4
while reducing levels of pro-apoptotic PGE2

68.

Finally, cell death is also linked

with the bacillary burden of infected cells. Higher burdens of Mtb induces an
atypical form of necrosis due to mitochondrial damage and dysregulation

69–71.

Compounding this, cell death also directly contributes to high bacterial burden by
facilitating bacterial growth and reuptake by bystander macrophages, creating a
cycle of increasing Mtb burden and necrosis 72,73.

The adaptive Immune response to Mtb
T-cell priming and effector functions
Impaired cellular immunity caused by a variety of conditions such as
malnutrition and HIV infection are risk factors for progression to active TB
highlighting the importance of T-cells in protecting against Mtb infection

18,74.

17,

In

contrast to other infections such as influenza where T-cell priming occurs on
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days 5-7, the immune response to Mtb infection is delayed

75.

T-cell priming is

not observed until day 10-11 in mice, when Mtb is trafficked into the mediastinal
lymph node by dendritic cells

25,26.

It is not entirely clear why the adaptive

immune responses is delayed in Mtb, but it may be due to the slow replication
time of the pathogen, poor migratory ability of lung-resident DCs, or a more
tolerogenic environment

76.

Despite this, T-cell responses are essential to

protection against Mtb infection in mice77,78. Bone marrow chimeras and T-cell
depletion models have elucidated the relative importance of different T-cell
subsets. Although CD4 T-cells appear to be more protective than CD8 T-cells,
optimal protection is achieved only when both T-cell subsets are present 79,80.
CD4 T-cell effector functions are critical for optimal protection against Mtb
infection. Generally, Th1 skewed CD4 T-cell responses are generated by Mtb
infection and are protective

16.

IFN-γ the defining cytokine of Th1 responses and

it has been shown to be a particularly important for protection, as IFN-γ deficient
mice are exceptionally susceptible to infection

81,82

IFN-γ activates macrophages

and induces several antimicrobial pathways including inducible nitric oxide
synthase

(iNOS),

IFNγ-inducible

GTPases,

phagosome

acidification, autophagy, and vitamin D receptor signaling

83–86.

maturation

and

It is still unclear

how macrophage activation directly controls Mtb. Nitric oxide (NO) is required to
control Mtb, but its effect may have less to do with direct anti-microbial activity
and more to do with anti-inflammatory capabilities

61,86,87

. IFN-γ activation may

also control Mtb by inducing autophagy in macrophages and delivering MCC to
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autophagosomes, allowing macrophages to bypass the phagosomal maturation
block established by Mtb

84,88.

Nutrient starvation as another strategy to limit

Mtb/growth and IFN-γ has been shown to induce the formation of lipid bodies in
infected macrophages, isolating the bacteria from one of its main carbohydrate
sources89. Finally, IFN-γ also induces a shift in host cell metabolism towards
aerobic glycolysis that enables many of their antimicrobial functions90,91.
While required, IFN-γ alone is not sufficient to completely control Mtb
infection. In fact, more recent work has demonstrated that IFN-γ can actually
exacerbate disease if not kept in check by PD-1 signaling

92.

Other CD4 T-cell

cytokines such as IL-17 and GM-CSF also contribute to protection in mice, and
their importance has become clearer in recent literature. IL-17 producing Th17
cells inhibit bacterial growth when adoptively transferred into mice and are
associated with vaccine induced protection

93–96.

In addition, CD4 T-cells

expressing both Th1 and Th17 features (Th1* or ex-Th17 cells) are found to be
strong correlates of protective immune responses in both mice and humans

96–99.

IL-21 has also been shown to be important for optimal control, and its deletion is
linked to more exhausted phenotypes with T-cell expressing higher levels of Tim3 and PD-1

100.

GM-CSF is produced by natural killer cells (NKT) as well as CD4

T-cells, and has also been shown to exhibit direct anti-microbial activity in a
PPARγ dependent manner

101–103.

Overall, there is still much to learn about non-

Th1 skewed CD4 T-cell responses during Mtb and how they contribute to
protection.
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The

contribution

of

CD8

T-cell

immunity

during

Mycobacterium

tuberculosis (Mtb) infection is less clear and often overlooked in favor of CD4 Tcell driven responses. CD4 T-cell centric work has primarily been influenced by
observations that CD4 T-cell deficiencies exhibit a stronger phenotype in
survivability of mice described above. Importantly, we have recently shown that
CD4 T-cell help to CD8 T-cells strengthens CD8 T-cell effector functions and
reduces exhausted T-cell phenotypes, implying that CD4 T-cell mediated
protection can be attributed to their helper-functions on top of their established
anti-microbial immunity

80.

While lacking in mice, there are data from non-human

primate (NHP) models that stress the importance of CD8 T-cell immunity to Mtb.
Chen et al. showed that CD8 T-cell mediated immunity was crucial for BCG
vaccine elicited protection in rhesus macaques. This was accomplished by
depleting CD8 T-cells post BCG vaccination using anti-CD8 antibodies

104.

Furthermore, recent work has implicated cytotoxic CD8 T-cells an important cell
subset mediating control in granulomas. In one study, granulomas from
cynomolgus macaques were monitored and measured by longitudinal positron
emission tomography and computed tomography imaging, single-cell RNA
sequencing, and measures of bacterial clearance. Granulomas that controlled
Mtb growth were correlated with the presence of a cytotoxic CD8 T-cell
population enriched for genes associated with cytotoxic effector functions

105.

In a

similar study, CD8 T-cells expressing high levels of T-bet negatively correlated
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with granuloma bacterial burden

99.

These studies imply that CD8 T-cells play an

important and overlooked role in anti Mtb immunity.
Generally, CD8 T-cells are recognized for their direct cytotoxic activities
against infected cells via the delivery of perforin and granzymes as well as Fas16,106.

FasL interactions

Activated CD8 T-cell contain cytotoxic granules

containing granzymes and perforin in their cytosol, which can be released at the
immunological synapse formed upon cognate T-cell receptor (TCR) and major
histocompatibility complex (MHC) binding. Perforin assembles on the target cell’s
membrane to form pores, which allow entry of the granzymes granulysin in order
to kill the target cell

107.

CD95/CD95L deficient mice, lacking the Fas-FasL killing

mechanism, exhibit greater bacterial burden during the chronic phase of infection
108.

In humans, patients with active TB often have CD8+ T cells with lowered

expression of granzyme B compared to patients with latent TB or healthy
individuals, hinting at the importance of granzyme B in control of TB

109.

While

mice lack granulysin, it has been shown to contribute to bacterial control in
human cells

110.

Finally, as stated above, CD8 T-cells enriched for genes

associated with cytotoxic effector functions such as perforin and granzyme were
associated with granulomas that control Mtb infection compared to permissive
granulomas 105.
In addition to cytotoxic functions, secretion of cytokines such as IFN-γ
and TNF by CD8 T-cell also contribute to protection in mice

111,112.

The

importance of IFN-γ has already been elucidated in the context of CD4 T-cells,
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but CD8 T-cells can secrete this cytokine as well

113.

Interestingly, transfer of

CD8 T-cells specific to the immunodominant antigen TB10.4 protects mice in an
IFN-γ dependent manner, indicating that at least some CD8 T-cell mediated
protection is entirely dependent on their cytokine secretion

114.

The contributions

of CD8 T-cells will be discussed further in “Antigen presentation during Mtb
infection” and “Setting the Stage: insufficient CD8 T-cell recognition,” but first we
must address how CD8 T-cell recognize their targets.

The role of cross-presentation
The antigens of viral and intracellular pathogens such as influenza and
Listeria monocytogenes are found in the cytosol of host cells. Here these
antigens are sampled by class I MHC (hereafter, MHC I) and presented to CD8
T-cells, which play a key role in protection against these microbes

115,116.

The

canonical MHC I presentation pathway samples cytosolic antigens, which are
processed by the proteasome and loaded onto MHC I in the endoplasmic
reticulum (ER)

117.

In the case of extracellular antigen sources, such as bacteria

or tumor cells, APC engulf the pathogen or apoptotic tumor cell by phagocytosis
or efferocytosis, respectively, and use cross-presentation (XPT) to shuttle
antigens from endosomal compartments into the MHC I presentation pathway

25

118.

Two different XPT pathways have been defined: The vacuolar and the
cytosolic

pathways.

The

cytosolic

pathway

transports

antigen

out

of

endosomes/phagosomes and into the cytosol where can be sampled by the
canonical MHC I pathway

117,119,120.

ER Associated Degradation (ERAD)

machinery, which is normally associated with the mis-folded protein response,
may be involved in the phagosomal export of antigens. In particular, the ERAD
ATPase p97 is present on phagosomes and necessary for the XPT of certain
antigens in DC 121,122.
Initially, MHC I loading in the cytosolic pathway was thought to occur
exclusively in the ER, but subsequent studies showed that the phagosome may
function as a site for MHC I loading as well, as all of the necessary components
for class I loading such as TAP and MHC I can be found on phagosomes

123,124.

This may offer an organizational advantage to the cell and expedite XPT.
Regardless of the site of antigen loading, the cytosolic pathway requires the
acquisition of ER-components to the phagosome through vesicular trafficking
pathways

125.

A recent study found that the SNARE sec22b is involved in

vesicular trafficking from the ER-Golgi intermediate compartment (ERGIC) to
phagosomes and is necessary for optimal XPT in DC

126.

Sec22b binds to

syntaxin 4 on ERGIC vesicles, which transport ER-associated components to
phagosomes. Overall, it is still unclear what factors determine the pathway for
XPT, but generally the cytosolic pathway seems predominant in dendritic cells
127,128.
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In contrast to the cytosolic pathway, the vacuolar pathway bypasses the
canonical MHC I pathway: antigen processing and MHC I loading occur within
the endosomal compartments via processing by proteases such as cathepsin S
and loading of antigens onto MHC I directly within in the phagosome. Therefore,
this pathway is TAP and proteasome independent since the antigens never leave
the phagosome

124,127,129,130.

There is mounting evidence that the selection of the

XPT pathway depends on the nature of the antigen and phenotype of the APC
124,130–132.

While XPT is generally associated with dendritic cells, especially during

T-cell priming, macrophages can also cross-present exogenous antigens to CD8
T-cells
22,

133.

Since macrophages make up a large proportion of Mtb infected cells

we are especially interested in XPT by these cells and how they influence

CD8 T-cell mediated protection against TB.
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Figure 1.3: Cross-presentation
Diagram depicting the key molecules that facilitate cross presentation by the
vacuolar (right) or cytosolic (left) pathways. In the cytosolic pathway, antigen is
transported out of phagosomes and degraded by proteosomes in the cytosol. In
the vacuolar pathway, antigens are processed by cathepsins in the proteosome
and

loaded

directly

onto

recycling

MHC

I

molecules.
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In addition to direct XPT by primary infected cells, indirect XPT is proving
to be a major source for class I antigen presentation in a variety of infection and
cancer models

129,134–136.

Generally, indirect XPT is achieved when professional

APC such as DC scavenge debris of dead cells and cross-present associated
antigens. DC express several scavenger receptors that recognize ligands
associated with dead cells such as actin, TIM-3 and phosphatidylserine137,138.
Upon binding with their ligands, scavenger receptors facilitate endocytosis of this
debris and shuttles it into a XPT specialized endosomal compartments

139,140.

Antigen endocytosed by DNGR-1 end up in less destructive endosomes with a
higher pH and higher concentrations of XPT machinery141. In a process termed
“cross-dressing”, antigen loaded MHC I is taken from dead/dying cells and
efficiently presented

142–145.

While the biology of cross-dressing is still unclear, its

been shown to contribute to a variety of CD8 T-cell priming responses ranging
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from viral infection to anti-tumor immunity

142,145,146.

Cross-dressing might allow

for CD8 T-cell priming to antigen epitopes that may not normally be processed in
priming DC and might be advantageous since it does not require any antigen
processing or MHC I loading.

Antigen presentation during Mtb infection
As for cross-presentation of Mtb antigens, both humans and mice mount
substantial CD8 T-cell responses following infection, indicating successful crosspriming

147,148.

A majority of CD8 T-cell responses are against immunodominant

antigens, mostly secreted proteins such as Ag85b, ESAT-6, and TB10.4. In
C57BL/6 mice, up to 40% of lung CD8 T-cells specifically recognize the TB10.4411

epitope, making TB10.4 the most immunodominant antigen in this model

147.

While these secreted proteins generate significant CD8 T-cell responses, they
may not be representative of the antigens presented at sites of infection. We
hypothesize that these proteins might be “decoy antigens,” that function to
generate inefficient immune responses. We have previously shown that a
polymorphism in the ESXH (TB10.4) locus shifts the immune responses away
from the immunodominant TB10.4 response and enhances responses to lessdominant epitopes such as Mtb 32C

149.

Regardless, this fails to improve

protection in these mice, since it may just be shifting the response from one
decoy antigen to another. Decoy responses have already been elucidated for
MHC II antigens such as AG85b, whose expression is reduced later during
30

infection

150.

AG85b is also actively secreted by infected cells in exosomes and

presented by uninfected bystander cells151–154. Adding to this, IFN-gamma
secretion by CD4 T-cells in infected lungs generally occurs at sites distal to Mtb
infected macrophages, implying that there is a disconnect between infected cells
and cells presenting antigen155. We postulate that similar biology is occurring for
CD8 T-cell responses.

Setting the Stage: insufficient CD8 T-cell recognition
To better understand CD8 T-cell responses to Mtb infection, our lab
focused on responses to the immunodominant antigen TB10.4 in BL/6 mice. Due
to its prevalence, we wanted to determine the potential of TB10.4 - specific CD8
T-cells to participate in vaccine-induced immunity. We observed that successful
vaccination against TB10.44-11 epitope failed to enhance control of Mtb challenge
156.

This seemed to be because the native tb10.4 response eventually “caught

up” with the vaccine-elicited, meaning that the establishment of a population of
central memory cells specific to TB10.4 fails to improve immunity. To study this
response further, our lab next generated primary TB10.44-11-specific CD8 T-cell
lines from retrogenic mice, some of which express TCRs of different affinities
(e.g., RG3 and RG4)

114.

While RG3 and RG4 become activated when they

recognize their cognate antigen either in the form of γ-irradiated Mtb or synthetic
peptide, they failed to recognize or control Mtb-infected macrophages in vitro. In
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stark contrast, Mtb–specific CD4 T-cell lines specific for Ag85B or ESAT6
recognized Mtb-infected macrophages under identical conditions 1.
We suggest that the inability of vaccine-elicited TB10.4-specific CD8 Tcells to protect mice against Mtb arises from their inability to recognize Mtb–
infected macrophages. In fact, the inability of CD8 T-cells to recognize infected
macrophages could explain why CD8 T-cells have only a modest impact on in
vivo

control

of

Mtb

infection.

Thus,

the

discrepancy

between

the

immunodominance of TB10.4-specific CD8 T-cell ls and their inability to
recognize Mtb-infected macrophages, is paradoxical.
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Chapter II: Cross-presentation by
macrophages
Background
While mice mount substantial CD8 T-cell responses against Mtb antigens,
their contribution to protection is unclear. We previously found that TB10.4specific CD8 T-cells fail to recognize Mtb infected TGPM in vitro, in stark contrast
to Mtb-specific CD4 T-cells. This is perplexing since Mtb infection stimulated a
robust CD8 T-cell response and Mtb-specific CD8 T-cells persist throughout
infection

114,147,156.

Additionally, other groups have observed CD8 T-cell

recognition of in vitro infected macrophages in different contexts in both mouse
and human systems, contradicting our results

157–160.

We reasoned that this

discrepancy could be due to several differences between our variables such as
TCRs, antigen, and APCs used in the assays. Therefore, we wished to explore
this further and try to identify any defects that might be limiting CD8 T-cell
recognition under our conditions. We set out to determine if Mtb infection inhibits
XPT, and to test if our findings with TB10.4 specific CD8 T-cells extended to
other T-cells and antigens as well.
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Results
Infected macrophages poorly activate Mtb-specific CD8 T-cells
First, to determine whether the inability of CD8 T-cells to recognize
infected macrophages is idiosyncratic to TB10.44-11-specific CD8 T-cells, we
determined whether CD8 T-cells specific for other Mtb epitopes would recognize
Mtb-infected macrophages. To address this question, we focused on a second
well-described antigen recognized by CD8 T-cells, the Mtb32A protein (i.e.,
Rv0125)161,162. The CD8 T-cell response to Mtb32A309-318 is subdominant to
TB10.44-11-specific CD8 T-cells, but accounts for a significant fraction of lung
CD8 T-cells in the Mtb-infected lung. Polyclonal CD8 T-cell lines were generated
from C57BL/6 mice vaccinated with the Mtb32A309-318 epitope by repeated in vitro
stimulation with the peptide. Following two rounds of stimulation, 90% of the Tcell line stained with a Kb/Mtb32A309-318 tetramer [Fig.2.1A, left]. The Mtb32Aspecific CD8 T-cell line produced IFN-γ when cultured with macrophages pulsed
with Mtb32A309-318 peptide or with γ-irradiated Mtb [Fig.2.1B, left]. However, like
TB10.4-specific CD8 T-cells, it failed to recognize to Mtb-infected macrophages.
Using the same approach, we generated a second polyclonal CD8 T-cell
line (hereafter referred to as DM108) specific for TB10.4 20-28, which is an
immunodominant epitope in Mtb-infected BALB/c mice and presented by H-2 Kd
[Fig.2.1A, right]. The DM108 CD8 T-cell line produced IFN-γ when cultured with
macrophages pulsed with TB10.420-28 peptide or γ-irradiated Mtb, but not Mtb-
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infected macrophages [Fig.2.1B, right]. These data show that inability of Mtbinfected C57BL/6 macrophages to present TB10.44-11 to MHC-I-restricted CD8 Tcells is not idiosyncratic as the same phenomenon is observed for CD8 T-cells
specific to different antigens and occurs in different genetic backgrounds (i.e.,
BALB/c).
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Figure 2.1. Infected macrophages poorly activate Mtb-specific CD8 T-cells.
(A) Tetramer staining of polyclonal CD8 T-cell lines specific for Mtb32A309-318
(left) or TB10.420-28 (right) following two rounds of stimulation with peptide-pulsed
APC. MHC I tetramer staining of CD4 T-cells displayed in lower right inset of
plots. (B) CD8 T-cell line recognition of TGPM that were uninfected (UI), pulsed
with cognate peptide (peptide), γ-irradiated Mtb (γ-Mtb) or live Mtb H37Rv
infection at initial MOIs of 10 or 20 (Rv10, Rv20). Bar, mean ± SD. The data are
representative of at least two independent experiments with 1 (A) or 3 (B)
technical replicates. Statistical test: one-way ANOVA, using the Dunnett test
compared to uninfected macrophages. P values: *, p<0.05 **, p<0.01; ***,
p<0.001; #, p<0.0001
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Infected macrophages cross-present antigen but fail to activate Mtb-specific
CD8 T-cells.
The poor recognition of infected macrophages by Mtb-specific CD8 T-cells
raised the possibility that infected macrophages inefficiently cross-present
phagosomal antigens by class I MHC. While XPT has primarily been
characterized in dendritic cells (DC), there is evidence that macrophages use this
mechanism as well

133.

We added TB10.4 protein-coated metallic beads to

thioglycolate-elicited peritoneal macrophages (TGPM) to assess their ability to
cross-present antigen to TB10.4-specific CD8 T-cells. TB10.4-bead-treated
TGPM activated the RG3 TB10.4-specific CD8 T-cell line

1,114,

in a dose

dependent manner, verifying the capacity of TGPM to cross-present antigen
[Fig.2.2A].
TGPM can cross-present TB10.4 to CD8 T cells, whether the antigen is
coated onto beads [Fig.2.2A] or in the form of γ-irradiated Mtb 1. We previously
showed that TGPM infected with TB10.4-expressing Listeria monocytogenes
(Lm) present the TB10.44-11 epitope to RG3 CD8 T cells, by a listerolysin (LLO)
dependent pathway, as LLO breaches the phagosomal membrane and allows
Lm to enter the cytosol

1,163.

We tested whether TB10.4 produced by Lm.TB10

would be presented by the canonical MHC I pathway. [Fig.2.2B]. In these assays,
induction of CD69 expression by RG3 was used as a measurement of T-cell
activation. Uninfected (UI) cells served as the negative control. Also, Lm.TB10-
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infected (INF) B10.BR TGPM (H-2k), which are MHC-mismatched compared to
RG3 CD8 T-cells, were used to distinguish noncognate activation from cognate
activation seen with Lm.TB10-infected matched APC (i.e., B10/J TGPM, H-2b).
The proteosome inhibitors epoxomicin (Epox) and lactacystin (Lac) inhibit the
cytosolic pathway presentation of TB10.4 to CD8 T-cells. Bafilomycin (Baf)
inhibits phagosomal acidification and can be used to assess dependency on the
vacuolar pathway

164.

In these experiments, the proteosome inhibitors and

bafilomycin abrogated MHC I presentation. As LLO requires an acidic pH to
function, bafilomycin could interfere with XPT by directly suppressing LLO activity
and diminishing cytosolic access to antigen. Therefore, another possibility is that
bafilomycin inhibition of both cytosolic and vacuolar XPT pathways partially
inhibited presentation of TB10.4 during Lm.TB10 infection. Alternatively, these
results could reflect heterogeneity within this cell population 133,165–167. Finally,
Brefeldin A (BFA) inhibits protein transport from the ER to the Golgi and as
expected, abolishes MHC I presentation

26 37

. Thus, we conclude that TGPM can

use both the canonical and XPT pathways to present TB10.4 to CD8 T-cells.

Mtb infection does not globally inhibit XPT
Our results thus far led us to hypothesize that live Mtb infection globally
inhibits XPT. We reasoned that if Mtb infection globally inhibits XPT, MHC I
presentation of ovalbumin (OVA) coated beads would be impeded. Uninfected
macrophages or macrophages infected with Mtb or fed γ-irradiated Mtb were
39

pulsed with ovalbumin (OVA) coated beads and then cultured with the OVA 257264-specific

RF33.70 T cell hybridoma

168.

All conditions led to the activation of

the RF33.70 as measured by IL-2 secretion, indicating that Mtb did not interfere
with the XPT capacity of TGPM [Fig.2.2C].
; in
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Figure 2.2. Mtb-infected macrophages cross-present antigen but fail to
activate Mtb-specific CD8 T cells.
(A) RG3 CD8 T-cell line recognition of TB10.4 protein-coated beads presented
by TGPM. (B) RG3 CD8 T-cell recognition of Lm.TB10 infected TGPM.
Macrophages left untreated (INF), or treated with expoxomixin, Lactacysin,
Bafilomycin, or Brefeldin A during infection before the addition of RG3 cells. (C)
OVA-specific MHC I restricted CD8 hybridoma (RF33.70) recognition of OVAcoated beads presented by uninfected, γ-irradiated Mtb, or H37Rv-infected
TGPM. Bars, mean ± SD. The data are representative of three (B and C)
independent experiments, (n=3 replicates/condition). Statistical analysis: oneway ANOVA of log10 transformed data using Dunnett’s multiple comparison test
compared to 0.5 ug/ml TB10.4-beads (A), one way ANOVA (B), or two-way
ANOVA with Fisher’s LSD posttest (C). p values : *, p<0.05; **, p<0.01; ***,
p<0.001; #, p<0.0001.

41

Cross-presentation machinery is recruited to MCC
An alternative hypothesis is that phagosomal arrest due to Mtb infection
specifically inhibited XPT within Mtb-containing compartments (MCC), which
would explain why OVA-bead presentation was unaffected. To address this
possibility, we investigated the recruitment of the cellular XPT machinery to MCC
by measuring colocalization of XPT markers with H37Rv.YFP-containing
phagosomes. Sec22b contributes to the cytosolic pathway of XPT by facilitating
trafficking of ER components into phagosomes

126,169,170.

We found strong

colocalization of Sec22b with Mtb in TGPM, which increased over time with a
mean Mander’s coefficient from 0.26 – 0.54 [Fig.2.3A], which was higher than
Sec22b colocalization with latex beads [Fig.2.3B]. We also found significant
colocalization with other XPT markers such as P97

128,171

and MHC-I, but not the

vacuolar component Cathepsin S or early endosome marker Rab5 [Fig.2.3C].
While unexpected, these results imply that Mtb does not significantly interfere
with ER-endosomal vesicular trafficking.
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Figure 2.3: Cross Presentation markers co-localize with Mtb. (A and B , top)
Representative images of YFP-H37Rv infected TGPM stained for Sec22b without
(A) or with (B) latex beads.

(C and D, bottom) Quantification of Sec22b

colocalization with Mtb and latex beads at indicated time-points by the Mander’s
coefficient. Each data point represents an individual Mtb-infected macrophage. .
Colocalization between H37Rv.YFP and MHC I, P97, Rab5, or Cathepsin was
determined by confocal fluorescent microscopy and Mander’s coefficients were
calculated for each infected macrophage. Each data point represents an
individual macrophage. Bar, mean. Statistical analysis by one-way ANOVA with
Fisher’s LSD test. p values: *, p<0.05; **, p<0.01; ***, p<0.001; #, p<0.0001
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Macrophage activation does not promote XPT
We next tested whether macrophage activation would enhance XPT of
Mtb antigens to T-cells. Pre-activating macrophages enhances their phagocytic
and antigen presentation capacity
stimulate TLR signaling

21,174,

172,173,

and while Mtb infection alone does

we wondered if other activation pathways and pre-

activation might enhance XPT in macrophages. Additionally, IFN-γ stimulation
has been shown to help macrophages overcome Mtb-phagosomal arrest, and
therefore might also promote XPT 84,88. We found that activating TGPM with LPS
enhanced their presentation of OVA-coated beads to the RF33.70 CD8 T-cell
hybridoma, while IFN-γ had a small but not statistically significant effect
[Fig.2.4A]. Extension of these treatments to Mtb-infected macrophages did not
enhance XPT to RG3 cells [Fig.2.4B]. IFN-γ pre-treatment slightly enhanced
presentation of TB10.4 by protein-coated beads but not by Mtb-infected
macrophages [Fig.2.4C]. We conclude that LPS activation and IFN-γ activation
are insufficient to promote XPT under these conditions.

Bone marrow derived Dendritic cells do not cross-present TB10.4
Dendritic cells more efficiently cross-present antigen to CD8 T cells than
macrophages

130,133.

Therefore, we considered whether Mtb infection of bone-

marrow derived DC or HoxB8 differentiated DC would result in XPT and CD8 T-
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cell recognition

175,176.

These DC, like the experiments with macrophages, did not

activate TB10.4-specific CD8 T-cells [Fig.2.4D and E]. The cDC1 subset most
efficiently cross-presents antigen and the in vitro derived DC more closely
resemble cDC2. Therefore, we considered whether cDC1 would play an in vivo
role in priming of TB10.4-specific CD8 T-cells. To assess whether cDC1 play a
role in priming of TB10.4-specific CD8 T-cells, we used Batf3–/– mice, which
have a developmental deficiency of cDC1

177.

We found that the number of

pulmonary TB10.4- and 32A-specific CD8 T-cells was similar in Mtb-infected
Batf3–/– and B6 mice, indicating that Batf3-dependent DC are not required for
priming CD8 T cell responses to these immunodominant Mtb antigens [Fig.2.4F
and G]. We suggest that a different type of APC is priming these responses, or
there is compensatory development of CD8α+ dendritic cells during Mtb infection
178.
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Figure 2.4: Macrophage activation and dendritic cells
(A) Effects of LPS or IFNγ treatment on OVA-bead XPT to OT-I CD8 T-cells. (B)
RG4 CD8 T-cell recognition of H37Rv-infected B6 TGPM pre-treated with LPS or
LPS+IFNγ (n=3/group). (C) RG3 CD8 T-cell recognition of TGPM pre-treated
with IFNγ or not, then infected with H37Rv, pulsed with TB10.4-coated beads, or
pulsed with TB10.44-11 peptide.

(D) RG4 CD8 T-cell recognition of H37Rv-

infected BMDC. B6 or BALB/c BMDC (H-2-matched and mismatched,
respectively) were pre-activated with LPS (100 ng/ml) or not and pulsed with
TB10.44-11 peptide or infected with H37Rv at MOIs of 5 or 20 for two hours. (E)
RG4 recognition of H37Rv-infected HOX-B8-derived DC. GM-CSF HOX-B8
progenitor cells were cultured in either GM-CSF or Flt3 to generate DC, or MCSF to generate macrophages

176,179,180.

(F and G) T-cell tetramer responses in

WT or Batf3 -/- mice at 2 weeks (F) or 4-6 weeks (G) post infection. Bars, mean ±
SD (n=3 replicates/condition) Data representative of two (A - D) or four (E)
independent experiments. 4- and 6-week data were pooled form two experiments
(F). n=5 mice/group (E and F). Statistical testing: Two-way ANOVA with Šidák
correction for multiple comparisons (A); two-way ANOVA with Fisher’s LSD
posttest (B); one-way ANOVA with Fisher’s LSD test (C and D) or multiple Ttests (F and G) p values: *, p<0.05; **, p<0.01; ***, p<0.001; #, p<0.0001.
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Finally, we reasoned that phagosomal arrest might be inhibiting crosspresentation in infected macrophages. To address this, we received a strain of
Mtb from a collaborator that contains deletions in the SapM and fbpA
(ΔSapM/fbpA). SapM contributes to phagosomal arrest by dephosphorylating
PI3P on the phagosomal membrane, inhibiting the anchoring of lysosomes.
Knocking out SapM was shown to enhance acidification of MCC and attenuated
the virulence of Mtb both in vitro and in vivo. This effect is exacerbated with the
additional deletion of the gene fbpA

44,181,182.

We found that ΔSapM/fbpA

exhibited stronger co-localization with lysosomes via Lysotracker Red staining
compared to our wild-type H37RV strain, YFP-RV, and to a lesser extent the
complemented strain, corroborating published phenotypes [Fig.2.5A]. However,
when used to infect macrophages, we observed no differences in recognition
with RG4 between the knock outs strains, complemented strain (comp) or our lab
strain of H37RV [Fig.2.5B]. Therefore, we conclude that although disruption of
SapM and fbpA result in attenuation of Mtb and enhanced co-localization with
lysosomes, it is insufficient to promote XPT.
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Figure 2.5: Disruption of SapM attenuates phagosomal arrest but does not
lead to XPT
(A) Lysotracker co-localization with Mtb quantified by Mander’s co-efficient. Each
data point represents an individual macrophage. (B) RG4 CD8 T-cell recognition
of Mtb-infected TGPMs. Data representative of four independent experiments.
Bars represent mean ± SD (n=3 replicates/condition). Statistical analysis by one
way ANOVA with Dunnett test (A) or two-way ANOVA with Šidák correction for
multiple comparisons (B). p values:

*, p<0.05; **, p<0.01; ***, p<0.001; #,

p<0.0001.
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Summary of Chapter II
We have already reported that the macrophages we used in our
experiments are capable of cross-presenting dead Mtb and antigens expressed
by Listeria Monocytogenes, and now show examples using bead-associated
antigens 1. We also conclude that that Mtb does not appear to globally interfere
with XPT in macrophages or DC, but that the Mtb-containing phagosomes avoid
XPT to CD8 T-cells under conditions that permit presentation to CD4 T-cells. We
find that TGPMs are indeed XPT competent under the context of other antigens,
meaning this phenomenon is specific to Mtb. While we didn’t find a precise
mechanism for why this is occurring, we believe that the nature of MCC is
unfavorable for XPT. This may be due to active mechanisms employed by Mtb to
inhibit phagosomal maturation, or other factors such as antigen concentration or
Mtb localization and the state of the endosomal compartment it resides in. This is
complicated since we do find co-localization of several XPT markers such as
Sec22b, p97 and MHC I with MCC, implying that the bottleneck must lie
elsewhere. Furthermore, disruption of SapM and fbpA were insufficient to
promote XPT, but Mtb utilizes a wide array of mechanisms to halt phagosomal
maturation, and disruption of one or two alone may not be enough to bypass the
block required for XPT34 .
Overall, we are still uncertain why macrophages fail to efficiently crosspresent Mtb-derived antigen and we were unable to identify any obvious defects.
Comprehensive screens on both host and pathogen factors could illuminate a
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mechanism for these observation, but this is complicated by the fact that we are
looking for an emergent phenomenon that might be difficult/impossible to achieve
with single gene disruptions. These investigations would be simplified if we could
first identify conditions which permit XPT of Mtb antigen, which will be addressed
in the following chapters

Chapter III: High MOI infections confer crosspresentation
Background
Thus far we have failed to identify conditions that lead to XPT of Mtbderived antigen to CD8 T-cells. This is complicated by the fact that other groups
have observed CD8 T-cell recognition of in vitro infected cells in different
contexts in both mouse and human systems, contradicting our results

157–160.

While completing the work presented in chapter II, our lab came upon some
interesting results: We observed that low frequencies of polyclonal CD4 or CD8
T-cells isolated from the lungs of infected mice recognize Mtb-infected
macrophages in vitro, as detected by IFN-γ production

80,149,183.

Importantly,

these data were obtained using conditions that included infecting macrophages
with Mtb for an extended time, which contrasts with the two-hour infection
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protocol previously used by us and others

1,101,184–186.

A review of the literature

revealed that most of the groups who observed CD8 T-cell recognition, also
employed long infection times of 8+ hours

157,160,187.

In fact, Lewinsohn’s group

reported that CD8 T-cells preferentially recognize highly infected macrophages
back in 2003 188.
These realizations prompted us to alter our approach and determine
whether increasing bacterial burden might also allow for cross-presentation to
our CD8 T-cell lines. We reasoned that if high burden infections promoted XPT,
then we might gain insight into why lower and more physiological levels of
infection fail to promote XPT.

Results
Overnight infections increase Mtb burden and cell death
A disadvantage of an overnight infection is that highly infected
macrophages are more likely to undergo necrosis, and we previously identified a
MOI that minimized cell necrosis

183.

We revisited this issue to determine how

varying the MOI overnight affects macrophage cell death. As expected, adding
Mtb to macrophages for 24 hours led to cell death and correlated with the added
MOI [Fig.3.1A, left]. By determining the number of intracellular Mtb by plating, we
were able to calculate a corrected MOI adjusted for cell death under these
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conditions [Fig.3.1A, middle and right]. These results suggest that despite
massive cell death, there exist populations of highly infected macrophages at the
highest MOIs.
Determining the number of Mtb CFU recovered from an infected
macrophages culture allows one to calculate an average MOI. However, we
expect there to be considerable heterogeneity in Mtb infection at the individual
cell level. Using an experimental approach that enabled image analysis of all
macrophages in each condition, we compared macrophages infected for two
hours or 24 hours, at several different MOI, with H37Rv.YFP. We quantified the
pixels of H37Rv.YFP in each macrophage and inferred the apparent
bacteria/macrophage ratio [Fig.3.1B]. After the standard two-hour (low MOI)
infection, 16-27% of the macrophages were infected, and those that were had a
median of 2.0-2.3 Mtb/macrophage [Fig.3.1C and D]. Overnight (high MOI)
infection led to infection of 79-86% of macrophages, with a median of 6.3-12.4
Mtb/macrophage. As expected, we found that after overnight infection with high
MOIs, there was significant heterogeneity in the macrophage bacterial burden
[Fig.3.1C and D].
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Figure 3.1 Overnight infections increase Mtb burden and cell death
(A) Viability (left), intracellular CFU (middle), and adjusted MOI (intracellular
CFU/number of viable

cells) (right) of TGPM infected overnight. (B)

Representative images of 24-hour (left) and 2-hour (right) H37Rv.YFP-infected
HOXB8 macrophages cultured with RG4 CD8 T-cells. (C, D) Image analysis of
HOXB8 macrophages infected with H37Rv.YFP using different conditions. For
each condition, 13,000-18,000 macrophages were analyzed. (C) Percent of
macrophages that were infected. (D) Distribution of bacteria/macrophage for
each condition evaluated. Uninfected macrophages were excluded from analysis
and the bacterial number was extrapolated as described in the Methods. Bar and
numbers above bar represent median. Data representative three independent
experiments (A). Bars represent mean ± SD (n=3 replicates/condition). Statistical
testing: Ordinary one-way ANOVA testing for a linear trend between column
means (A). p values: *, p<0.05; **, p<0.01; ***, p<0.001; #, p<0.0001.
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High bacterial burden confers cross-presentation
We next asked how these two different infection conditions affected
antigen presentation to CD4 and CD8 T-cells. The DM108 CD8 T-cell line
recognized macrophages infected at a high MOI but did not recognize
macrophages infected at low MOIs [Fig.3.2A]. Similarly, RG4 CD8 T-cells
specifically recognized B6 macrophages infected for 24 hours but not 2 hours
[Fig.3.2B, left]. As reported previously, P25 CD4 T-cells did recognize low MOI
infected macrophages but recognized the high MOI infected macrophages more
robustly [Fig.3.2B, right]. Neither RG4 nor P25 produced IFNγ when cultured with
Mtb-infected BALB/c (i.e., H-2 mismatched) macrophages. This demonstrates
that T cell production of IFNγ when cultured with Mtb-infected B6 macrophages
was H-2 restricted and not the result of noncognate activation (e.g., cytokine
mediated stimulation). Thus, both at a low and high effective MOI, Mtb-infected
macrophages more efficiently presented antigen to CD4 T-cells than CD8 T-cells.
We occasionally observed that CD4 T-cells, and to a lesser extent CD8 T-cells,
would not respond at the highest MOI in some experiments, which we attributed
to the number of viable APC falling below a critical threshold secondary to cell
death (Fig.3.2C and D).
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Figure 3.2: High bacterial burden confers cross-presentation
(A) DM108 CD8 T-cell recognition of HOXB8 macrophages infected for 2 or 24
hours with H37Rv. (B) RG4 (left) and P25 (right) recognition of B6-matched or
BALB/c-mismatched H37Rv-infected TGPM for 2-hours (low MOI) or 24-hours
(high MOI). (C) and (D) Excessive macrophage cell death is associated with
reduced antigen presentation to CD4 and CD8 T-cells. (C) RG4 (left) and P25
(right) recognition of b6 TGPMs infected with H37Rv overnight (high MOI). (D)
Viability assays using Crystal Violet (left) or ATP-luciferase (right) of TGPMs 24
hours post H37Rv infection was performed using a set of macrophages infected
in parallel with the macrophages used in Fig.6D. Bars, mean ± SD (n=3 - 6
replicates/condition). Data representative of two (A, B and D) three (C) or
independent experiments. Statistical analysis two-way ANOVA with Šidák
correction for multiple comparisons (A); two-way ANOVA with Fisher’s LSD
posttest (B). or one-way ANOVA using the Dunnett test compared to uninfected
macrophages (C and D). p values:

*, p<0.05; **, p<0.01; ***, p<0.001; #,

p<0.0001.
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CD8 T-cells preferentially interact with highly infected macrophages
Based on these data, we hypothesized that CD8 T-cells preferentially
recognize highly infected cells. To measure CD8 recognition of Mtb-infected
macrophages

independent

of

IFN-γ,

we

cultured

H37Rv.YFP-infected

macrophages with RG4 CD8 T-cells. Stable interactions of T-cells with Mtbinfected macrophages were quantified by immunofluorescence microscopy.
Strataquest imaging analysis software was used to identify macrophages,
quantify their bacterial content, and enumerate the number of T-cells in contact
with each macrophage. We leveraged the heterogeneity of the in vitro infection to
determine the propensity of CD8 T cells to interact with macrophages over a
range of MOIs. There was a significant positive correlation between the Mtb
content of infected macrophages and the number of interacting CD8 T-cells
[Fig.3.3 A and B]. Importantly, this correlation was not observed when CD8 Tcells were cultured with Mtb-infected MHC I–/– macrophages, which confirms that
T-cell-macrophage interactions are TCR-MHC dependent. Taken together, these
data further support that CD8 T-cells preferentially recognize highly infected
macrophages.
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Figure 3.3: CD8 T-cells preferentially interact with highly infected
macrophages
(A) Mean T-cell contacts with infected WT or MHC I–/– HOXB8 macrophages as a
function of intracellular bacterial content. Mtb/macrophages are binned and
means for each bin are resented by bars. Spearman correlation values displayed
on the right. (B) Representative image that showcases highly infected
macrophages with many interacting T-cells (arrows, 9 and 10 interacting T-cells),
and sparsely infected macrophages with no T-cell contacts.
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Cell death contributes to cross presentation
Why a high bacterial burden should drive MHC I presentation was not
intuitively obvious. We had previously argued that the inability of macrophages to
present TB10.4 was not an issue of antigen abundance 1. In considering possible
mechanisms, we considered the correlation between the conditions that led to
significant cell death of infected macrophages and those that promoted MHC I
presentation [Fig.3.2A and Fig.3.4A]. and hypothesized that cell death promotes
XPT of Mtb antigens

66,68,69,184,189,190.

We previously demonstrated that Mtb-

infected apoptotic macrophages are engulfed by other macrophages and
skewing of infected macrophage death towards apoptosis is associated with
better CD8 and CD4 T-cell priming

66,68,189.

Mtb-infected macrophages die

primarily by necrosis68,189,190, which is enhanced by high bacterial burdens69,70,191,
and these necrotic macrophages are also engulfed by other phagocytes

72,73.

Therefore, we envisioned that antigen could be transferred from dying cells to
nearby cells that secondarily present them to CD8 T-cells (indirect XPT). To
evaluate this possibility, we used CelltrackerTM dyes to differentiate between
primary infected macrophages and bystander (uninfected) macrophages
[Fig.3.4B]. Under these conditions, the bystander macrophages acquired
CellTracker™

Deep

Red

from

the

primary-infected

macrophages

and

H37Rv.YFP. Between 2-6% of secondary cells contained H37Rv.YFP, and 7583% of these also acquired dye from the primary-infected macrophages
[Fig.3.4C]. Thus, we suggest that most “secondarily infected” macrophages
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acquire Mtb following phagocytosis of dying infected macrophages [Fig.3.4C].
We confirmed these findings with immunofluorescence microscopy [Fig.3.4D]
and found a strong correlation (R2 = 0.4375) between uptake of Mtb and primaryinfected macrophages by bystander macrophages [Fig.3.4E]. Based on these
results, we conclude that high MOI Mtb infections drive host cell death, and
bystander macrophages effectively phagocytose dead cellular debris and Mtb.
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Figure 3.4: Bystander macrophages scavenge dead cells and acquire Mtb
(A) Viability of Mtb-infected macrophages 24 hours and 48 hours post infection
(B) Schematic of scavenging assay: Primary cells were infected with Mtb.YFP
overnight. Cells were washed, and secondary cells were added and cocultured
for 24 hours. (C) Representative flow plots following co-culture of differentially
stained macrophages. Initial gating reveals the percentage of bystander
macrophages (Viogreen+) that took up Mtb (YFP+) (left). The Viogreen+YFP+
macrophages were gated to determine the percentage that acquired APC dye
from primary-infected macrophages (right). (D) Representative image of
scavenging assay. Arrows indicate bystander macrophages that acquired Mtb
and dye from primary-infected macrophages. Inset, enlargement of indicated cell.
(E) Analysis of the bystander macrophages showing that their uptake of Mtb and
dye from the primary-infected macrophages is highly correlated. Data
representative of two independent experiments. Statistical analysis by spearman
and linear regression.
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We next determined the relative contributions of direct presentation from
infected macrophages versus indirect XPT by bystander macrophages that
secondarily acquired antigen. We established an antigen transfer assay that
mimics what could be occurring in the lung, where on sees relatively few infected
macrophages, often surrounded by uninfected myeloid cells. WT or MHC I–/–
macrophages were infected for 24 hours, and extensively washed to remove any
extracellular bacilli. Then, uninfected WT or MHC I–/– macrophages and TB10.4specific CD8 T-cells were added, and IFN-γ was measured after 24 hours
[Fig.3.5A]. To establish the baseline of non-cognate activation of the CD8 T-cells,
MHC I–/– macrophages and T-cells were added to infected MHC I–/–
macrophages [“K/K,” Fig.4B]. As the MOI increased, a small but significant
amount of IFN-γ was produced compared to the uninfected condition (i.e., MOI =
0). To determine the degree of direct XPT by primary-infected macrophages,
uninfected MHC I–/– macrophages and T-cells were added to infected WT
macrophages. Under these conditions, IFN-γ increased as the MOI was
increased, but did not become statistically significant compared to the “K/K”
group until an MOI=8 [“W/K,” Fig.3.5B]. In contrast, the greatest amount of IFN-γ
was produced when uninfected WT macrophages were added to infected cells,
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regardless of their genotype of the primary infected macrophage (i.e., WT or
MHC I–/–) [see “W/W” and “K/W,” Fig.3.5B]. These results suggest that during
high MOI infection, antigen transfer to bystander cells leads to indirect XPT to
CD8 T-cells.
We next assessed whether soluble antigen or antigen-laden vesicles
released by infected macrophages could be the source of Mtb antigen taken up
by the bystander macrophages and presented to CD8 T-cells. To test this
possibility, we collected supernatants from macrophages infected overnight.
Addition of these unfiltered supernatants neither conferred nor enhanced
presentation by uninfected or infected macrophages, respectively [Fig.3.5C].
Although free antigen, or even vesicles may be diluted in vitro so they are less
bioactive, our results suggest that efficient antigen transfer requires intact cells.
We envision that engulfment of dying infected cells could result in concentration
of antigen in a presentation-competent compartment

66,67.

Based on these data,

we conclude that indirect XPT by uninfected macrophages enhances CD8 T-cell
activation during Mtb infection.
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Figure 3.5: Antigen transfer enhances cross-presentation
(A) Schematic for antigen transfer assay and legend explanation. APC
represented as wild-type (W) or MHC I–/– (K) HOXB8 macrophages (e.g., K/W =
MHC I–/– infected, uninfected WT added). (B) RG4 CD8 T-cell recognition of the
Mtb-infected macrophages in the antigen transfer assay. (C) RG4 recognition in
supernatant transfer assay. Unfiltered culture supernatants [SUP] from Mtbinfected macrophages were added to uninfected or macrophages infected using
the indicated MOIs for 24-hours. T-cell activation measured by IFNγ ELISA. Bars,
mean ± SD. Data are representative of three (B) or four (C) independent
experiments. Statistical testing: Two-way ANOVA with Dunnett’s test (B); or twoway ANOVA with Šidák correction for multiple comparisons (C). p values: *,
p<0.05; **, p<0.01; ***, p<0.001; #, p<0.0001.
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The ESX-1 type VII secretion system is required for cross presentation
Our findings that CD8 T-cell activation requires high MOI infection and is
associated with macrophage death or occurs when uninfected macrophages
cross-present Mtb antigens, suggests that cell death of infected macrophages is
a prerequisite for XPT of Mtb antigens. As the ESX-1 type VII secretion system is
a major virulence factor that disrupts the phagosomal membrane and induces
cell necrosis

53,192,

we hypothesized that ESX-1 would be required for MHC I

presentation by macrophages. To test this possibility, we compared CD8 T-cell
recognition of macrophages infected with wild-type H37Rv and a Mtb mutant with
a deleted RD1 locus (ΔRD1), which removes most of the genes required for
ESX-1 function
similar

50,53.

Macrophages infected with the ΔRD1 mutant or H37Rv had

intramacrophage

bacterial

burdens

[Fig.3.6A,

Left].

However,

macrophages infected with the ΔRD1 mutant had little or no cell death compared
to H37Rv-infected macrophages, either at 24 hours (i.e., when T cells are added
for the assay) or at 48 hours (i.e., when IFNγ is measured) [Fig.3.6A, center and
right]. The inflated viability of ΔRD1-infected macrophages results from staining
of Mtb by crystal violet. Remarkably, infection with ΔRD1, even at high MOIs, did
not lead to XPT and failed to activate TB10.4-specific CD8 T-cell lines [Fig.3.6B,
5C]. In contrast, ΔRD1- and H37RV-infected macrophages were both recognized
by Ag85b-specific CD4 T-cells [Fig.3.6D]. Interestingly, CD4 T-cell activation was
diminished at the highest MOI of H37Rv-infected but not ΔRD1-infected
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macrophages, which we suggest is due to APC dell death induced by fully
virulent Mtb.
As the ΔRD1 mutant is difficult to complement and may have other
defects, we validated our results by disrupting the PhoPR regulon (ΔPhoPR),
which is required for the expression of the ESX-1 secretion system, in H37Rv
58,70.

56–

CD8 T-cells were not activated by ΔPhoPR-infected macrophages

[Fig.3.6E].

In

contrast,

TB10-specific

CD8

T-cells

were

activated

by

macrophages infected with the ΔPhoPR::PhoPR complemented strain Thus,
ΔPhoPR phenocopies the ΔRD1 strain and can be complemented, which
confirms that the ESX-1 type VII secretion system is required for XPT of Mtb
antigens by MHC I.
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Figure 3.6. Cross-presentation is ESX-1 dependent.
(A) Adjusted MOI (left) and normalized viability of HOXB8 macrophages infected
overnight at the indicated MOIs with WT H37Rv or ΔRD1 Mtb at 24 hours
(center) or 48 hours (right) post-infection. (B) DM108 recognition of H37Rv or
ΔRD1 Mtb-infected HOXB8 macrophages. RG4 (C) and P25 (D) recognition of
H37Rv or ΔRD1 Mtb-infected TGPM. (E) RG4 recognition of WT of MHC I–/–
macrophages infected with H37Rv, ΔRD1, ΔPhoP or ΔPhoP-complemented
strains of Mtb. T-cell activation measured by IFNγ ELISA. Bars, mean ± SD (n=3
replicates/condition). Data are representative of four (A) two (B, E) or three (C, D)
independent experiments. Statistical testing: two-way ANOVA with Šidák
correction. p values: *, p<0.05; **, p<0.01; ***, p<0.001; #, p<0.0001.
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Summary of Chapter III:
Based on the literature and some serendipitous observations, we
hypothesized that increasing Mtb infection times might increase bacterial
burdens in macrophages and could promote XPT. We found that increasing the
Mtb infection time from 2 hours to 24 hours drastically increased the intracellar
Mtb burdens of macrophages and resulted in much higher levels of cell death,
consistent with the literature. Importantly, these conditions promoted XPT of Mtbantigens to our TB10.4 specific CD8 T-cell lines. We found that this XPT was
dependent on the RD1 locus in Mtb, implying that phagosomal permeabilization
and/or cell death were critical for these findings. Adding to this, we also observed
that bystander macrophages efficiently scavenge Mtb from dead dells, and crosspresent these antigens to CD8 T-cells. This “indirect XPT” was a potent source
for CD8 T-cell activation in our assays. We still do not know that relative
contributions of direct and indirect XPT in this system but are fairly certain that
indirect XPT has a substantial impact.
We found that CD8 T-cells preferentially interact with highly infected
macrophages, in an MHC restricted manner, confirming Lewinsohn’s findings

188.

These highly infected macrophages could be primary infected cells, or bystander
cells that have phagocytosed clumps of bacteria form dead cells, as observed by
others

72,73

. The roles of phagosomal permeabilization, virulence and cell death

are left unclear, and further work is warranted to understand the relative
contributions of XPT by primary infected macrophages and bystander cells. The
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implications and future directions for these results will be discussed in detail in
the following chapter, Chapter IV: Discussion.

Chapter IV: Discussion
The contributions of CD8 T-cells to immunity against Mtb is poorly
understood and often overshadowed by CD4 T-cells. We initially set out to
understand why TB10.4 specific Cd8 T-cells fail to respond to Mtb-infected
macrophages in vitro. These studies expand upon this key observation and show
that inefficient MHC I antigen presentation by infected macrophages is a general
phenomenon which extends to other Mtb antigens and mouse backgrounds, as
well as to BMDC. Importantly, all the diverse types of macrophages used in this
work can cross-present non-viable antigen to CD8 T-cells, making this specific to
Mtb.

Our results confirm that Mtb does not globally inhibit MHC I antigen

presentation

168;

instead, our data points to a yet-to-be identified defect specific

to mycobacteria-containing compartments (MCC). Importantly, we do not believe
that the poor recognition of infected macrophages is a feature only of the CD8 Tcell lines used in this study, since only 10% of polyclonal CD8 and 15-20% of
polyclonal CD4 T-cells from the lungs of infected mice produce IFN-γ when
cultured with Mtb-infected macrophages 149,183.
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We have identified conditions that permit efficient MHC I presentation of
Mtb antigens to CD8 T-cells. In vitro infection of macrophages for 24 hours led to
significantly more intracellular Mtb than a standard two-hour infection. We find
that more highly infected macrophages gain the capacity to present MHC Irestricted Mtb epitopes to CD8 T-cells. These data are consistent with work from
the Lewinsohn lab showing that human CD8 T-cell clones preferentially
recognized highly infected human DCs

188.

In contrast to CD8 T-cells, CD4 T-

cells are activated even at a low MOI. Why is a high intracellular Mtb burden
required for MHC I antigen presentation? One might assume that more bacilli
lead to more antigen. However, we do not believe that antigen quantity is the key
factor. We previously showed that overexpression of TB10.4 does not enable
CD8 T-cell recognition of macrophages infected at low MOIs 1. Also, if this were
only an issue of antigen abundance, high MOI infections of macrophages with
Mtb strains containing deletions of the RD1 locus or the PhoP gene should be
recognized by TB10.4-specific CD8 T-cells.
A high bacterial burden promotes cell death primarily through necrotic
forms

68–70,190,191.

We and others have shown that macrophages engulf dying

infected cells 66,193,194, and it is well established that DC can engulf dead, antigenbearing cells and cross-present their antigens

140,141,195,196.

Therefore, we

explored the possibility that dying infected cells were a source of Mtb antigens to
bystander macrophages to enhance MHC I presentation (indirect XPT).
Bystander macrophages efficiently acquired antigen from highly infected cells
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and cross-presented this antigen to CD8 T-cells. This indirect XPT stimulated
CD8 T-cells even more so than primary infection alone. Based on the design of
these experiments, it is possible that indirect XPT is the dominant pathway that
activates CD8 T-cells, as we cannot exclude the possibility that primary-infected
macrophages also engulf dying infected macrophages and cross-present the
bacterial antigens (there are already going to be “bystander cells” present
regardless of the addition of additional macrophages to the system).
Furthermore, cell death directly contributes to high bacterial burden by facilitating
bacterial growth, and reuptake by bystander macrophages, creating a cycle of
increasing Mtb burden and necrosis

72,73.

However, we cannot rule out the

occurrence of direct antigen presentation, and we aim to investigate the relative
roles of direct and indirect presentation in future work. We hypothesize that
indirect presentation requires direct contact with dead/dying cells since we did
not observe XPT after supernatant transfer. Thus, efferocytosis or phagocytosis
may engulf dead/dying infected cells, leading to the concentration of Mtb
antigens, which are shuttled to XPT-competent endosomes by scavenger
receptors as has been shown for DNGR1 in DC 139–141.
The ESX-1 type VII secretion system, which is encoded within the RD1
locus, is one of the key virulence factors of Mtb and can cause phagosomal
membrane damage

53,192,197.

We show that ESX-1 is necessary for MHC I

presentation of Mtb antigen by infected macrophages. While we believe that
ESX-1-associated macrophage death is the major pathway that licenses XPT,
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there are alternative hypothesis to consider. ESX-1 mediated phagosomal
membrane damage could enable Mtb antigens access to the macrophage
cytosol and facilitate MHC I presentation to CD8 T-cells. A high bacillary burden
could be required for sufficient production of ESX-1 complexes to make the
phagosomal membrane permeable to Mtb antigens. Additionally, cytosolic Mtb
will be sensed by cytosolic surveillance pathways such as STING
Activation

of

cytosolic

pattern

recognition

receptors

(PRR)

and

21,198.

the

inflammasome may be required to augment XPT of Mtb antigens. These
mechanisms could promote XPT independent of cell death and antigen transfer
and may explain why we still observe efficient XPT under conditions where we
don’t observe significant cell death.
Finally, we favor the idea that activation of cell death pathways of Mtbinfected macrophages, leads to their engulfment by bystander macrophages.
Skewing of cell death towards apoptosis will lead to efferocytosis and is
associated with enhanced CD8 T-cell responses

68,190,199.

While some

macrophages infected with virulent Mtb will undergo apoptosis, many more are
thought to undergo necrotic cell death. In this study, we did not define the mode
of cell death, as both apoptotic and necrotic cells are engulfed by phagocytes
136,141,194, 200.

Interestingly, we previously reported that ESX-1 is not required for in

vivo priming of TB10.4-specific CD8 T-cells

201.

The disparity between the

requirements for initial CD8 T-cell priming and recognition of infected
macrophages at sites of infection could reflect that in vivo, death of macrophages
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by apoptosis (more frequent in the absence of ESX-1) and necrosis (more
frequent in the presence of ESX-1) both ultimately lead to acquisition of Mtb
antigens by APC.
We suggest that high MOI infections drastically shift the context in which
macrophages encounter and acquire antigen, pushing them to cross-present
what they engulf. It is still unclear which pathways are contributing to this, but
based on our results we have a few in mind. As previously discussed, high MOI
and cell death expose bystander cells to a drastically different environment
compared to low MOI infections. Necrotic cells will release pro-inflammatory
mediators such as IL-1β and IL-18, which may play a role in promoting XPT by
viable cells202,203. Additionally, phagocytosis of Mtb associated with dead cellular
debris might trigger alternate endosomal trafficking to promote XPT as seen with
DNGR-1 in dendritic cells

136,140,141.

While we did not test our macrophages for

the expression of DNGR-1, there are a wide variety of scavenger receptors
present on macrophages that might be involved 204–206.
Overall, we hypothesize that at low bacterial burdens, MCC are incapable
of facilitating XPT due to phagosomal arrest, resulting in a phagosomal
compartment that is not permissive to XPT. While we did test this hypothesis by
infecting with a SapM/fbpA knock-out and by activating macrophages, we
surmise that redundancy in Mtb’s phagosomal arrest mechanisms prevented us
from obtaining a clear result. Since we did find co-localization of the XPT
molecules Sec22b, p97 and MHC I with MCC, we assume that the defect must

79

lie elsewhere. On the other hand, we hypothesize that higher bacterial burdens
which result in phagosomal escape and cell death can bypass this issue and
facilitate XPT by inducing inflammatory responses and/or through re-uptake of
Mtb and its antigens from dead cells by bystander macrophages.

in vivo Implications
The observation that CD8 T-cells respond to highly infected macrophages
sheds light on our previous in vivo observations. It is paradoxical that TB10.4specific CD8 T-cells don’t recognize infected macrophages but are a dominant
and persistent populations in the lungs of infected mice. Also, there is an
interesting discrepancy in the ability of TB10.4-specific CD8 T-cells to mediate
protection. Vaccination with TB10.44-11 peptide does not protect mice against Mtb
challenge, nor do TB10.4-specific CD8 T-cells enhance the ability of infected
macrophages to control Mtb replication

1,156.

However, Mtb-infected TCRα–/– mice

control Mtb infection better after transfer of TB10.4-specific CD8 T-cells and their
protection is TAP1-dependent

114.

We now speculate that in immunodeficient

mice, the bacterial burden becomes so high that the transferred CD8 T-cells are
activated by indirect XPT, which as the main source of IFN-γ, protects the lungs.
If indirect XPT activates Mtb-specific CD8 T-cells in the lung during active
TB, MHC I presented antigens could act as decoy antigens. CD8 T-cell
recognition of Mtb antigens presented by uninfected APC could promote
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inflammation and promote Mtb transmission. In this scenario, the activated CD8
T-cells would have little impact on the outcome of infection. On the other hand,
mediators (e.g., IFN-γ and TNF) released by CD8 T-cells activated by indirect
XPT could activate nearby infected macrophages. CD8 T-cells might be
important in mediating protection when there is significant bacterial growth and
other immune mechanisms are failing. Recent work in rhesus macaques shows
that CD8 T-cells contribute to protection late during infection

99

and CD8 T-cells

are associated with granulomas that control Mtb infection in cynomolgus
macaques

105.

CD8 T-cells would therefore make an interesting target for

therapeutic approaches for patients with active disease. Therapeutic vaccination
against CD8 antigens might promote better control when used in conjunction with
antibiotics. Pre-existing (i.e., vaccine-elicited) Mtb-specific CD8 T-cells could also
play a role early during infection when the intracellular bacillary burden can
exceed 20 bacilli/monocytic cells in the lung

191.

However, our data implies that

this function could be equally performed by CD4 T-cells. An important issue to
consider is whether certain antigens are more likely to be directly crosspresented by Mtb-infected macrophages, as such antigens might be more
effective in focusing the CD8 T-cells response on infected macrophages instead
of uninfected bystander cells that have acquired Mtb antigens. We predict that
developing approaches to distinguish Mtb antigens that are directly crosspresented by infected macrophages from those that are indirectly cross-
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presented would empower target selection for vaccines that elicit protective CD8
T-cells.

Future Directions
Our work has demonstrated that high bacterial burden promotes MHC I
XPT in an RD-1 dependent manner. While we have observed that antigentransfer functions as a potent mediator of XPT under these conditions, the
mechanisms for this phenomenon remain unclear. In future work we aim to
understand the processes that promote XPT under high MOI infections. We also
want to investigate how this phenomenon might be contributing to in vivo
protection.
Here we found that indirect cross-presentation plays a role during high
MOI infections, but we need to work out the relative contributions of direct and
indirect XPT under these conditions. We plan on addressing this from several
different angles. For one, we would like to expand upon our imaging approach by
combining macrophage labeling with T-cell interaction quantification. With this
approach, we would be able to determine whether CD8 T-cells preferentially
interact with primary infected macrophages or secondary “bystander”
macrophages, which have acquired antigen from dead primary cells. Second, we
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plan on using macrophage labeling in combination with FACS to sort out primary
infected cells, secondary infected cells, and uninfected cells from both
populations. We will co-culture these with CD8 T-cells to determine which
population most potently activates CD8 T-cell effector responses. With these
approaches we should be able to determine the relative contributions of both
direct and indirect presentation during high MOI infections.
We conclude that TGPMs XPT antigen from Listeria monocytogenes by
both the cytosolic and vacuolar pathways of XPT, and we would like to do the
same for Mtb . Lewinsohn’s group has shown that human DCs present Mtb
antigen in a TAP-dependent manner by the cytosolic pathway, and that the MCC
itself seem to be XPT-competent 207–209. Since Lewinsohns group made these
observations under high MOI conditions, we expect that we will corroborate his
findings in mouse macrophages.
Our data imply that XPT machinery is intact and present on MCC at low
bacterial burdens, but this does not result in XPT to CD8 T-cells. We would like
to repeat our co-localization studies with an expanded panel of XPT molecules
and compare high MOI and low MOI infections. By determine differences
between these conditions, we could gain insights into why low MOI infections do
not permit XPT. Additionally, immune responses to Mtb are predominantly
focused on several immunodominant antigens, which tend to be secreted
proteins. It has been postulated that phagosomal permeabilization might allow
the antigens into the cytosol, where they can be cross presented by MHC I 210,211.
83

Interestingly, Lewinsohn et al. did not find RD1 to be required for crosspresentation of the antigen Mtb8.432–40 to a HLA-B3514-restricted T cell clone
in human DC 212. While this is contradictory to our results, it may be due to
differences in the antigen and/or biological differences between DC and
macrophages.
Another avenue worth exploring is how high MOI affects inflammatory
signaling, and how this affects XPT. High burdens of Mtb promote host cell
necrosis and presumably results in high concentration of inflammatory cytokines
and reactive oxygen species (ROS) within the cell cultures. Autocrine and
paracrine signaling via inflammatory cytokines such as IL-1B, IL-18 and IL-12
might promote XPT pathways. Furthermore, high bacterial burden would result in
increased cytosolic bacteria prior to cell death, and activation of intracellular PRR
such as STING and inflammasome activation might also enhance XPT directly in
the infected cells, since the presence of RD1 induces a pro-inflammatory
phenotype in infected cells 21,198,213. Therefore, it is worth testing how disruption
of various inflammatory/inflammasome pathways might affect XPT under these
conditions.
We reported that macrophages efficiently take up dead cell debris along
with associated Mtb, but we want to know how this is accomplished and why it
enhances XPT. The scavenger receptor DNGR-1 enhances XPT in DC by
shuttling phagocytosed material into endosomal compartments specialized for
XPT 136,140,141. While we did not test our macrophages for the expression of
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DNGR-1, there are a wide variety of scavenger receptors present on
macrophages that might be involved

204–206.

We would like to test the involvement

of different scavenger receptors on macrophages on XPT via genetic knock-outs
and/or by blocking ligand binding.
Finally, we wish to further explore the in vivo relevance of these findings.
While we reported the RD1 is not required for the priming of TB10.4 responses, it
would be interesting to study how infection with an RD1 knock-out affects CD8 Tcell phenotypes later in infection

201.

If our findings here hold true for in vivo

biology, then perhaps we would observe a reduction of TB10.4 specific CD8 Tcells later during infection, and they might exhibit a less activated phenotype. We
are also interested in identifying the priming conditions which initiated these CD8
T-cell responses, since we found that they are independent of both RD1
expression by Mtb and Batf3 expression by the mice. The Batf3 results are
complicated by the fact that compensation of cDC1 populations has been
observed

178,

so we want to test this dependency utilizing an alternative model to

deplete cDC1 populations such as the Wdfy4 knock-out 145. We would also like to
expand our work with DCs to systems outside of bone marrow derived cells. If a
DC population is indeed priming these responses in vivo, we aim replicated these
findings in vitro and compare it to our macrophage infections. This would help us
to determine why macrophages so poorly XPT Mtb antigen during low MOI
infections.
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Concluding Remarks
This work highlights important biology of CD8 T-cell recognition of Mtb
infected cells. While others have already observed the influence of high MOI on
MHC I presentation, we expand on this model and reveal some potential
mechanisms for this phenomenon. We hope that this work provides valuable
insights into the role of CD8 T-cells during TB infection and provides context for
future work investigating MHC I antigen presentation and CD8 T-cell mediated
protection. There is still much work to be done in the field of TB immunity, and
taking these observations into account could inspire the development of better
vaccines and therapeutics. We also wonder whether these observations might be
applicable to other disease models such as cancer or other bacterial infections.
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Chapter V: Methods and Materials
Ethics Statement
Studies were conducted using the relevant guidelines and regulations and
approved by the Institutional Animal Care and Use Committee at the University of
Massachusetts Chan Medical School (UMMS) (Animal Welfare A3306-01), using
the recommendations from the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the Office of Laboratory Animal
Welfare.

Aerosol Mtb Infection of Mice
Mice were infected by the aerosol route as previously described (Lee et al.,
2020). Frozen bacterial stocks were thawed and diluted into 5 mL of 0.01%
Tween-80 in PBS, then sonicated to create a bacterial suspension. Mice were
infected with ~100 CFU Mtb Erdman via the aerosol route using a Glas-Col
airborne infection system.

Intravascular Staining
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Mice were injected intravenously with 2.4 µg/mouse of anti-CD45 – BV750 in 200
µL of injection medium (2% FBS in PBS) 2 minutes before euthanizing with CO 2.
Lungs were then perfused and removed 3 minutes after anti-CD45 injection.
Lymphocytes from blood collected in RPMI containing 40 U/mL of heparin were
isolated using Lympholyte (CEDARLANE) and analyzed by flow cytometry to
confirm uniform staining with anti-CD45 – BV750.

Generation of single-cell suspensions from tissues
Lung single-cell suspensions from Mtb infected mice were isolated as previously
described (Lu et al., 2021). Briefly, mice were euthanized with CO 2 and lungs
were perfused with 10 mL RPMI (GIBCO) before harvest. Single cell
suspensions were prepared by homogenizing lungs using a GentleMACS tissue
dissociator, digesting with 300 U/mL collagenase (Sigma) in complete RPMI
(10% FBS, 2mM L-Glutamine, 100 U/mL Penicillin/Streptomycin, 1 mM NaPyruvate, 1X non-essential amino acids, 0.5X Minimal essential amino acids, 25
mM HEPES, and 7.5 mM NaOH) at 37C for 30 minutes, and followed by a
second run of dissociation using the GentleMACS. Suspensions were then
filtered through 70 µm strainers and incubated with 1 mL ACK Lysis Buffer
(GIBCO) for 1 minute at room temperature (25C). The cells were resuspended in
suitable media or buffer for further use and filtered through 40 µm filters.
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Macrophages and DC
Thioglycolate elicited peritoneal macrophages (TGPM) were harvested by first
injecting mice with 2 ml of 3% thioglycolate broth intraperitoneally. 4-5 days after
injection, macrophages were extracted through peritoneal lavage and purified
with Miltenyi Biotec CD11b microbeads (Catalog #130-049-601). HOXB8
progenitor cells were established as described

180.

MHC I KO lines were

generated with bone marrow from the β2 microglobulin knockout line B6.129P2B2mtm1Unc/DcrJ (Jackson). Progenitor cells were collected, washed twice with
PBS, and cultured in 150 x 15 mm non-adherent plates in the appropriate media.
For macrophages, progenitors were cultured in 20% L929 media for 8-12 days
before adherent cells were harvested. DC were cultured in either 10% GM-CSF
or 5% FLT3 as indicated in the results. BMDC were prepared as previously
described

214.

Briefly, bone marrow harvested from murine femurs was washed

and cultured in 10% GM-CSF complete media for 10 days. Non-adherent cells
were harvested and used for infections.

Protein-coated beads
BioMag®Plus Amine protein coupling kit (Bangs Laboratories Inc.) (Catalog
#86000-1) was used to conjugate full length Ovalbumin (Sigma-Aldrich #A5503)
or TB10.4 (manufactured by Genscript) protein to magnetic beads according to

89

the manufacturer’s protocol. Briefly, BioMag®Plus Amine particles were washed,
activated, and magnetically separated before being incubated with protein for
conjugation. The beads were further washed, and the reaction was quenched
before being diluted for use in assays.

Infections
Mycobacterium tuberculosis strains were cultured in Middlebrook 7H9 broth until
an OD600 of 0.8-1.2 was reached. Cultures were washed by centrifugation and
incubated in TB coat (1% FBS, 2% human serum and 0.05% Tween-80 in RPMI)
for 5 minutes to opsonize bacteria and impede clumping. Bacteria were washed
again and resuspended in complete media without antibiotics. Suspensions were
filtered through a 5 μm filter to remove clumps and absorbance was measured to
estimate bacterial density. Diluted Mtb was added to target cells at the
corresponding MOI and left for 2 (low MOI infections) or 18 – 24 (high MOI
infections) hours at 37°C. Cells were then washed 3-4 times with warm RPMI to
remove extracellular bacteria.

ΔphoPR mutant and complementation
The ΔphoPR mutant of M. tuberculosis H37Rv was isolated following allelic
exchange of 2.178 kb region of the phoP-phoR (rv0757-rv0758) sequence with a
hygromycin-chloramphenicol cassette as described previously (Lee et al., 2011).
The hygromycin-resistant ΔphoPR mutant retained the first 32 bases of phoP
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gene and the last 36 bases of the phoR gene. For complementation, a 3.3 kb
DNA fragment containing the wildtype allele of H37Rv phoPR coding sequence
and 1 kb upstream region encompassing the putative promoter was amplified by
PCR and cloned into the kanamycin mycobacterial L5 attB integrating vector
pMV306 (MedImmune Inc., Gaithersburg, MD) to construct the phoPR
complementing plasmid pKP406. Following sequence verification of the cloned
insert, the KanR plasmid pKP406 was electroporated into the hygromycinresistant M. tuberculosis ΔphoPR mutant and the transformants were selected on
7H10 plates supplemented with 50 μg/ml hygromycin and 25 μg/ml kanamycin.

Polyclonal T-cell lines
Mice were vaccinated using the Trivax vaccination strategy215 with either
TB10.420-28 or Mtb32A309-318 two to three times, three weeks apart, as previously
described156. The frequency of antigen specific CD8 T-cells was estimated by
flow cytometry after staining peripheral blood with the Mtb-specific tetramers
Kb/Mtb32A309-318 and Kd/ TB10.420-28 provided by the NIH Tetramer Core. Mice
with positive vaccine responses were euthanized to allow collection of the
spleens and peripheral lymph nodes. CD8 T-cells were isolated using Stem Cell
CD8 isolation kits (Catalog #19753). Purified CD8 T-cells were cultured with
peptide-pulsed irradiated splenocytes to activate and expand antigen-specific
CD8 T-cells. The polyclonal cells were successively restimulated using irradiated
splenocytes, peptide, and IL-2, every 4 weeks to expand and enrich antigen-
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specific populations. Antigen-specific CD8 T-cells were quantified using
tetramers supplied by the NIH tetramer core.

T-cell recognition assays
Macrophages were seeded in 96 well float bottom TC-treated plates at a density
of 100,000 cells/well and infected as described above. T-cells were added to
infected macrophages in a 1:1 ratio unless noted otherwise. For ELISA analysis,
supernatants were collected after co-culturing the cells for 24 hours at 37°C.
Supernatants were filtered through 0.2 μm filter plates to exclude any bacteria,
and cytokine levels were quantified with Biolegend ELISA kits (Catalog
#430801).

For

flow

cytometry,

T-cells

were

co-cultured

with

infected

macrophages for 6 hours at 37°C with brefeldin A (Golgiplug). Cells were then
stained for surface markers and intracellular cytokines as described 80.

Immunofluorescence microscopy staining
T-cells were cocultured with infected macrophages for the time indicated.
Samples were washed with PBS and fixed with 4% paraformaldehyde for 20
minutes. Samples were washed with PBS and blocked in 1% BSA for 30 minutes
at room temperature. Samples were then washed and incubated in the
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appropriate primary antibodies overnight at 4°C. Cells were then washed and
incubated in secondary antibody for one hour at room temperature.

Fluorescent beads for confocal microscopy
We used Polysciences Fluoresbrite® YG Microspheres 3.00µm for confocal
imaging analysis. Beads were washed in PBS with 1% BSA, then opsonized with
TB coat (1% FBS, 2% human serum and 0.05% Tween-80 in RPMI) at room
temperature for 30 minutes to facilitate phagocytosis. Beads were diluted to 5 x
106 beads/ml and added alongside H37Rv Mtb for cell infections.

Confocal imaging and analysis
Images were acquired on a Leica SP8 confocal microscope at on an Apo TIRF
60x Oil DIC N 2 objective with a numerical aperture of 1.49. We used 405, 488
and 640 nm lasers, and 450/50 nm and 525/50 emission filters. Pixel size is 207
x 207 nm, and the voxel depth is 400 nm. 18-24 Z-steps were acquired for each
image with a step size of 0.4 μm. Colocalization of targets with Mtb were
quantified with ImageJ by calculating Mander’s coefficients (Fraction of
overlapping pixels between two channels) of the signal of interest with Mtb YFP
signal. Regions of interests (ROIs) were manually selected around individual
bacilli before coefficients were calculated to quantify the amount of colocalization
of our target with Mtb on a cell-cell basis.
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Slide scanning Immunofluorescence
Images were acquired with a TissueFAXS iQ tissue cytometer (TissueGnostics
GmbH) built on a Zeiss AxioImager.Z2 microscope base with Märzhäuser stage,
Lumencor Spectra III light engine, Zeiss EC Plan-Neofluar 20x/0.75 NA objective
and Hamamatsu Orca Fusion BT C15440 camera. DAPI filters were 390/22
excitation, 89402 quad dichroic, 89402m emission. AF488 filters were 475/20
excitation, T495lpxr dichroic, ET519/26 emission. TRED filters were 555/28x
excitation, 89402bs dichoric, and 89402m emission. Cy5/AF647 filters were
631/28x excitation, 89402bs dichoric, and 89402m emission. AF740/Cy7 filters
were 747/11 excitation, T770lpxr and ET810/90m emission.

Strataquest Image analysis and quantification
Whole slide scans were analyzed with Tissuegnostics Strataquest Plus
V7.1.1.127 software (TissueGnostics GmbH). We developed analysis pipelines
to identify and differentiate T-cells and macrophages based on nuclei
identification, staining intensity of F4/80 and CD3, and a cellular mask
calculation. Once T-cells and macrophages were identified, we extrapolated total
YFP signals for each macrophage to calculate approximate bacterial burdens.
We converted the total YFP signal to Mtb numbers by dividing the signal by the
average signal of one Mtb bacilli. Next, we also calculated the number of T-cells
in contact with each macrophage to correlate Mtb burden with T-cell contacts.
Correlations between Mtb burden and T-cell contacts were calculated in
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GraphPad Prism. Bar plots depicting mean T-cell contacts by bacterial burden
were calculated and graphed using R. We binned macrophages based on their
Mtb burden with a bin size of one, the calculated and plotted the mean T-cell
contacts of each bin.

ATP Luciferase viability assay
Cells were infected with Mtb as described above. We used the Abcam
Luminescent ATP Detection Assay Kit (ab113849) and followed the provided
protocol. Briefly, cells were lysed with detergent for five minutes to release ATP.
Substrate was added and incubated in the dark for 15 minutes. Luminescence of
the wells was measured, and samples were compared to standards to determine
cell viability.

Crystal Violet cell viability
Mtb-infected cells were washed and fixed with 4% paraformaldehyde for 20
minutes at room temperature. Cells were then washed with PBS and incubated
with 0.1% crystal violet in water for 30 minutes. Plates were washed by
submerging the plate in a container of fresh tap water 3-4 times. Cells were then
lysed with 150 μL of 0.2 % Triton X-100 in water for 30 minutes to release crystal
violet. Samples were mixed and transferred to a new flat-bottom clear plate and
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absorbance was measured at 600 nM. Viability was determined as follows:
%Viability = ((Ab600 Control – Ab600 Experimental) / Ab600 Control))*100.

CFU determination
Infected macrophages were washed 3X with warm cRPMI to remove
extracellular bacteria. Cells were then lysed with 1% Triton X-100 in PBS for 2
minutes. Samples were serially diluted and plated on 7H11 Agar plates from
Hardy Diagnostics (Catalog #W40). Plates were incubated at 37°C for 21 days
when colonies were counted and Mtb/well was calculated based on the dilutions.

Adjusted MOI calculations
To account for cell death in our Mtb/cell calculations, we calculated the average
number of viable cells per condition by multiplying %viability by the number of
cells seeded. If the %viability was quantified at over 100%, we adjusted it to
100%. The number of bacteria/well determined by CFU calculations was divided
by the number of viable cells to determine approximate Mtb/cell numbers (# of
Mtb / # of cells = Mtb/cell).

Antigen Transfer Assay
B6 WT or MHC I KO macrophages were seeded in 96 well flat bottom tissue
culture-treated plates at a density of 50,000 cells/well and infected as described
above. Following the infection, 50,000 fresh WT or MHC I KO macrophages were
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added to the wells along with 100,000 T-cells. Co-cultures were left at 37°C for
16-24 before samples were collected for analysis. Prior to infection, primaryinfected macrophages were stained with CellTracker™ Violet BMQC (VioGreen
channel) (ThermoFisher # C10094) according to the manufacturer’s protocol.
The macrophages were infected as described above using the 24-hour (“high
MOI”) protocol. After extensive washing to remove any remaining extracellular
bacteria, bystander (uninfected) macrophages, which had been stained with
CellTracker™ Deep Red (ThermoFisher # C34565) to differentiate them from the
primary infected macrophages, were added to the culture. The macrophages
were cultured for 24 hours, then they were washed and analyzed by flow
cytometry or fluorescent microscopy. For microscopy, samples were imaged with
the slide scanning software and analyzed with strataquest as described above.
Correlations between primary dye and Mtb were calculated and plotted using
GraphPad Prism.
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