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Marshall Johnathan Davis

Chair of the Supervisory Committee:
David Sherman

Pathobiology Graduate Program

Mycobacterium tuberculosis is the deadliest infectious organism in the world, yet remains severely in
need of updated treatment options, vaccine candidates, and improved diagnostic tools. This need
derives from an incredibly complex host-pathogen interaction that has proved reticent to the
identification of clear links between bacterial adaptation and host determinants of infection control. To
better understand these links, we have developed a systematic method to evaluate the regulatory role
of each transcription factor (TF) in Mycobacterium tuberculosis (MTB) during infection. We created a TF-
induction library by cloning 207 of the estimated 214 MTB TFs into an anhydrotetracycline-inducible
expression vector and transforming these into wildtype H37Rv. This library of mutants was screened
through both macrophage infection and a hypoxia/reaeration time course — two critical contexts for the
progression of infection. We identified 24 TFs that lead to defective growth in macrophages, as well as 5
TFs with a hypoxia/reaeration induction defect. One TF, Rv1985c, was investigated in further detail and
revealed to drive a continued repression of a ribosomal protein locus during the accumulation of the
growth defect over the course of reaeration. The regulons identified here could provide novel insight

into the specific, evolved transcriptional adaptations required for MTB to cause disease.
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Introduction

The single deadliest infectious organism in the world, Mycobacterium tuberculosis (MTB) emerged as a
pathogen roughly 70,000 years ago and has had an inestimable impact on humanity ever sincel. In
2016, MTB killed 1.8 million people and manifested 10.4 million new cases of disease including nearly
500,000 multi-drug resistant cases®. In the last 100 years, the total death toll attributed to tuberculosis
disease exceeds 100 million®. It ranks as the 9*" leading current cause of death worldwide, surrounded
by better known threats such as diabetes, Alzheimer’s, and automobile accidents®. Despite its status as
a leading global killer, ancient origins, and storied history within our collective cultural conscience, the

public health and research outlook surrounding MTB remains one of dire need.

The tools with which we fight tuberculosis include a vaccine from 1921 that neither prevents infection
nor adult disease?, a standard drug cocktail whose components were all discovered prior to 1963, and
frontline diagnostics that cannot distinguish infection from active disease. This inadequate set of
interventions stems partly from an inability to identify MTB’s deterministic virulence adaptations and
the specifics of an effective host immune response. Without advances in understanding the molecular
etiology of tuberculosis disease it remains unlikely that significant advancements in intervention will

occur.

Mycobacterium tuberculosis. Tuberculosis is an ancient disease, predominantly thought to have
emerged in human populations roughly 70,000 years ago®®. A recently discovered 500,000-year-old
Homo erectus fossil in Turkey perhaps displays typical MTB bone lesions, potentially indicating an even
earlier origin’. Regardless of the exact date, tuberculosis emerged and evolved with the human
population, and accrued a corresponding cultural impact. Throughout history tuberculosis earned a

myriad of descriptive titles, each seeking to appropriately capture the impact of the disease:



consumption, phthisis, white plague, King’s evil, scrofula, lupus vulgaris, and Pott’s disease all refer to
clinical manifestations of the same bacterium. The number of famous individuals known to have
suffered from or succumbed to the disease commands perhaps more attention: English kings Edward VI,
Henry VII, and Henry VIII, poets John Keats and Elizabeth Browning, composer Frederic Chopin, writers
Charlotte, Emily, and Anne Bronte, Fyodor Dostoyevsky, and politicians Eleanor Roosevelt and Nelson
Mandela®. Famously, in 1882 Robert Koch identified Mycobacterium tuberculosis in his experiments to

confirm the germ theory via his enduring “Koch’s Postulates.”

Upon review of our substantial cultural ties to the disease, it seems appropriate that the field discovered
MTB to be a pathogen of primary human origin®. The MTB complex is composed of pathogens of human
(MTB, M. africanum, M. canettii), rodent (M. microti), seals and sea lions (M. pinnipedi), sheep and goats
(M. caprae), and cattle (M. bovis). Recent genetic analyses revealed the most basal ancestor M. canettii
and the other ancient tuberculosis lineages lack specific genetic deletions carried by the animal lineages,

suggesting tuberculosis originally evolved as a human pathogen.

MTB is a gram-positive bacterium belonging to the Actinomycetales, though it possesses gram-negative
features in its cell wall including peptidoglycan, mesodiaminopimelic acid, and an outer lipid barrier. A
feature of Mycobacteria are the mycolic acids: alpha-branched beta-hydroxy fatty acids composed of 70-
90 carbon atoms that provide a hydrophobic, waxy exterior®. Mycobacteria characteristically possess
60-70% G-C content in their genomes and can be divided into fast and slow-growing species. While
Mycobacterium tuberculosis take roughly 16-18 hours to double under ideal conditions, the fast-growing

soil species Mycobacterium smegmatis can do so in only two hours.
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Disease. Clinically, MTB has proven capable of infecting nearly every tissue within the body, though the
vast majority of infections occur in the lower respiratory tract. The classical progression of infection and
disease is as follows* 1%11: A diseased individual expels infectious droplets via coughing, sneezing, or
speaking, which can contain as few as a single bacterium, and remain suspended in the air for a long
period of time until inhalation. The infectious droplets translocate to the lower respiratory tract, where
they are phagocytosed by alveolar macrophages. Infected alveolar macrophages then migrate across
the lung epithelium to the interstitium. This initial macrophage infection represents the first of a long
series of infection stresses to which the bacteria must adapt. While some bacteria are killed by alveolar
macrophages, others multiply during this initial phase of infection. Infected alveolar macrophages
produce a localized inflammatory response via the release of bacterial cell debris and cytokines, and this
will lead to the recruitment of the innate immune response including dendritic cells and monocytes. In
mice, over the course of the first 21 days of non-specific response to MTB infection, infected dendritic
cells or monocytes traffic to the lymph nodes for adaptive immune response priming. Additionally, the
localized inflammatory response in the lung continues to recruit inflammatory monocytes. By the onset
of adaptive immunity, the site of infection will be heavily populated by macrophages, neutrophils, and
monocytes. Macrophage populations will also differentiate into various classes including multinucleated
giant cells and foamy macrophages. Upon the arrival of primed T lymphocytes, infection progresses to
the hallmark of TB infection, the granuloma. The specific priming of macrophages by Th1-skewed T cells
allows for the control of bacterial replication. The structure of the granuloma classically contains
densely packed macrophages and monocytes at the center, surrounded by an influx of lymphocytes on
the outer edge. The area will be well infiltrated by capillaries, and a fibrous cuff may also mark the
edges of the response. The center of the granuloma often contains a necrotic caseum: an acidic,
extracellular environment composed of dead cellular debris that is surrounded by macrophages. The

center of the granuloma is characterized by hypoxic conditions that can promote a state of non-
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replication and persistence in the bacteria'>. The majority of infections typically are contained at this

stage, only between 5-15% of infections will progress beyond this point®3.

Those granulomas that do progress to active disease are characterized by a liquefaction of the caseous
material via hydrolytic enzymes, which promotes a highly replicative environment. Replication
continues to the point of granuloma rupture, spilling huge numbers of bacteria into the airway,
rendering the individual infectious. Destruction of bronchial structures can lead to the furthering of
disease symptoms and dissemination of infection to other sites within the body. This breaking of
containment and progression to active disease can occur over a large timeframe — from mere months to
decades. The most common risk factors for this progression are HIV infection and/or a compromised
immune response. Recent histological and imaging projects revealed the progression of disease varies

locally between multiple granulomas within a single individual**.

Latent tuberculosis. As stated previously, most MTB infections are controlled by granuloma formation.
Globally, close to two billion people test positive via the tuberculin skin test or interferon gamma
release assay with no clinical presentation of symptoms? and are considered latently infected with
tuberculosis. The greatest risk factor for reactivation of infection and progression to active disease is
HIV progression®. Significant research efforts have been undertaken to understand what the
determinants of granuloma formation and control and potential reactivation are. Increased levels of
tumor necrosis factor and interferon gamma are important to the initial establishment of the
granuloma, with tumor necrosis factor requiring expression within a specific range to avoid too much or
too little inflammatory response!®!8, Other recent studies have identified latently infected individuals to
have higher circulating levels of interferon gamma, lower levels of T regulatory cells, and higher levels of

IL-17, IL-23, and Th17 cells, which negatively regulate Tregs!®?. Furthermore, a set of studies recently
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identified host blood RNA signatures that may predict progression to active disease and treatment
outcome®®485 These signatures showed elevation of type I/Il interferon signaling and the complement
cascade up to 18 months before disease, which preceded alterations in immune cell subset gene
expression changes closer to the outset of disease. Nevertheless, further research into the specific

determinants of control and reactivation are required for both the bacterial and immune perspectives.

Clinically, latent tuberculosis infection represents an enormous challenge to global health. The gold
standard for infection control, the development of a preventative vaccine, would not impact the current
pool of nearly two billion latently infected people. This pool of potential active disease represents a
challenge to control efforts, particularly in endemic areas. The identification and treatment of such a
broad pool of individuals constitutes a substantial logistical and monetary challenge given current global
resources for fighting TB. Better diagnostics, an understanding of disease progression determinants,

and new drugs/cocktails all constitute areas of need in regard to latent infection.

Treatment. Until the mid-20™ century, patients infected with tuberculosis were afforded little recourse
against the disease. Prior to the advent of modern medicine, more archaic treatments included blood
letting and the laying of hands by a king. Perhaps the most commonly known tuberculosis treatment
was the sanitarium. The idea that good air, rest, and proper nutrition could help a patient overcome the
disease was widely accepted in the early 1900s, and sanitaria were opened across the world. Actual
benefits of this regimen primarily occurred in public health, as this movement effectively quarantined

patients with active disease.

The first modern treatment for tuberculosis came in the form of surgical intervention. Procedures

focused on collapsing the lung around the infection to deny access to oxygen, and this was
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accomplished by the injection of air, oil, or plastic spheres into the pleural space of the lung. As surgical
techniques advanced procedures moved towards the removal of ribs or sections of the lungs
themselves. More recently, as extensively drug resistant infections increase in frequency doctors have
returned to surgical intervention as a last resort?2.

The discovery of the first anti-tubercular agent in 1944, streptomycin, represented an enormous
advance for treatment of the disease. Relatively quickly, a host of drugs were identified for treatment of
the disease: para-aminosalicylic acid (1949), isoniazid (1952), pyrazinamide (1954), cycloserine (1955),
ethambutol (1962), and finally rifampicin (1963). The current treatment regimen consists of rifampicin,
isoniazid, pyrazinamide, and ethambutol for two months, followed by an additional four months of
isoniazid and rifampicin. This suite of drugs brings with it a burden of side effects including hepatitis,
nausea, neuropathy, and renal failure®. The length of treatment, host of detrimental side effects, and
cost all represent significant challenges in administration of this intervention to the poorer regions of

the world where tuberculosis remains endemic today.

The very first clinical trial of streptomycin revealed drug resistance, and the challenge has only
continued to grow in the intervening years?. Multi-drug resistant tuberculosis (MDR-TB) is defined as a
strain resistant to both isoniazid and rifampicin. Globally, there are currently 500,000 MDR-TB cases,
and treatment efficacy in these cases falls to only 50%2. Extensively drug resistant tuberculosis (XDR-TB)
is defined as resistance to isoniazid and rifampicin as well as to any of the fluoroquinolones and one of
the other second-line drugs. Cases of XDR-TB have now been observed in India, China, South Africa,
Russia, and other eastern European countries?*. Only one new drug (Bedaquiline) has been approved by
the FDA for the treatment of tuberculosis in the past 40 years?®, underscoring the dire need for the

discovery of new drugs and identification of novel treatment regimens.
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Vaccine. The intervention with the potential to most dramatically alter the global landscape of
tuberculosis burden is undoubtedly a vaccine. Currently, the approved vaccine for MTB is bacillus
Calmette-Guérin (BCG), a strain derived from M. bovis and serially passaged in the early 20" century
until it became non-pathogenic. BCG is widely administered to infants in areas where tuberculosis
disease remains endemic, though its use has been curtailed in areas with limited burden. Among adults,
BCG has an efficacy of 0-80%, and is generally thought to be ineffective at preventing pulmonary
tuberculosis disease?®?’. Children less than five years of age, however, show more reliable protection

against non-pulmonary disease®,.

While BCG affords some protection to young children, it offers little in terms of reducing the global
burden of tuberculosis, and there exists a clear need to develop a better vaccine. This process faces
significant challenges, as not only does the field lack a clear picture of the appropriate immune response
to elicit with a novel vaccine, but there remain questions surrounding the limited mechanism of
protection in BCG?. Nevertheless, in 2016 13 vaccine candidates underwent phase | or later clinical
trials®®. Moving forward, critical questions relevant to the design of these vaccines must be addressed.
These include defining the specific contribution of CD4 and CD8 T cells to immunity, the role of innate
lymphoid cells (including mucosal associated invariant T and invariant natural killer cells), the most
appropriate immune response to achieve via adjuvant, and whether post-exposure vaccination could

function as a form of treatment?°.
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Chapter 1. TRIP screen for regulons with a macrophage phenotype

Introduction

The macrophage acts as the first intimate contact of the immune system with MTB. Following inhalation
and deposition in the lung, the bacteria are first phagocytosed by alveolar macrophages. Infected
alveolar macrophages migrate through the lung epithelium to the interstitium, where a local
inflammatory response builds. Over time, an influx of lung interstitial macrophages occurs and even as
the adaptive response shapes granuloma formation the macrophage remains the primary contact point
for direct immune system interaction with the bacteria. Given this prolonged, stress-ridden interaction,
MTB has long been forced to evolve specific, coordinated responses to survive the macrophage

environment.

Throughout infection, MTB works to subvert and modulate the immune response to its benefit. Under
normal circumstances, a phagocytosed bacterium is trafficked to an acidic, hydrolytic environment
within the lysosome. MTB has evolved the ability to subvert phagosome maturation, manipulating the
endosomal compartment to an only slightly acidic pH, low influx of lysosomal hydrolases, and
maintained connection to the endosomal pathway3®32. The bacteria also disrupt the phagosomal
membrane via the ESX-1 secretion system, leading to secretion of bacterial products and DNA into the
cytosol — though there is contention MTB may fully escape the cytosol in some cases. The predominant
hypothesis as to the function of signaling into the cytosol of the macrophage is the intentional activation
of the type 1 interferon response, a classical mediator of viral response that conversely leads to worse
outcome in bacterial infections33. Mice lacking type 1 interferon receptor carry significantly lower
bacterial burdens, and the mediators of this outcome are thought to be decreases in key MTB-response
cytokines (TNF, IL-1B), lowered IFN-y mediated activation of macrophages, and IL-10 driven

34-36

immunosuppression®*=°. Finally, differential immune cell death pathways have been associated with
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bacterial burden and may act as a key determinant of disease progression3”*1. Caspase-mediated cell
death including autophagy and apoptosis is associated with bacterial control, while necrotic death

increases bacterial burden and disease progression.

Significant efforts have been made to characterize MTB's transcriptional response and essential
requirements for the infection of macrophages. Schnappinger and associates produced a seminal study
defining the intraphagosomal transcriptome of MTB, providing an overview of the expression changes
accompanying macrophage infection??. The group defined 454 induced MTB genes and 147 repressed
associated with infection at 48 hours, and the set of genes was enriched for functional categories
including DNA-damage, cell wall damage, and fatty acid metabolism. Similar studies have extended
transcriptomic analysis to clinical isolates and environmental cues in an attempt to define the critical
transcriptomic landscape for macrophage infection, and additionally identified genes enriched for

hypoxia, oxidative stress, and cell wall and DNA repair®*,

Despite these significant advances in understanding the transcriptional landscape during macrophage
infection, it remains challenging to link specific transcriptional changes to the host-pathogen interplay
outlined earlier. These broad studies provide relatively little information concerning how these
transcriptional responses are specifically controlled, nor do they identify how particular effectors are
linked in their importance to infection. Defining specific gene subnetworks that determine macrophage
infection and disease progression is one focus of the Sherman lab. We propose to better identify and
study the specific transcriptional changes of MTB that are critical for disease progression by studying the
regulators of the transcriptome — transcription factors. To this end, the lab created a pool of inducible
transcription factor expression mutants and previously published DNA-binding networks and microarray

expression analysis of each individual induced mutant during log phase growth***’. These mutants can
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be grown in a pool and tracked via sequencing a genetic tag unique to each (Figure i). In the absence of
induction, these strains grow at similar rates to wild type within the pool in response to stress. Upon
induction, the exposure to stress will produce differential growth phenotypes in a subset of mutants,
and sequencing will detect changes in their relative abundance to the rest of the pool. This method is

referred to as the transcriptional regulon induced phenotype (TRIP) assay.

DNA binding
protein (207 total)

Pool of 207 MTB mutants

One inducible TF each

o’

Inducible
Promoter

TF induction Stress condition
plasmid
-Inducer +Inducer
Growth
A TF1
A
8 Q
= Q
S Most TFs S Most TFs
5 j=
3 3
2 Deconvolute mutant pool: 2 \ .
1) Amplify tags
é i .
Time 2) Sequence —> Time

3) Relative abundance

Figure i. Overview of the TRIP method.
The identified phenotypes stem from a single induction event propagating through its specific, evolved
set of network interactions to culminate in a differential stress outcome. Identified phenotypes can
then be further characterized transcriptionally to define those regulatory interactions and effectors key
to adaptation to a given stress. We hypothesize induction events and their sustained interactions over
the course of the experiment will be less disruptive over time to the network than a traditional gene
knockout, allowing for the identification of regulators and regulons previously unassociated with a given

stress by gene disruption methods. Here we undertook the initial application of this TRIP pool to a
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stress context in the form of macrophage infection, with the goal of identifying transcription factors and

regulons that drive a growth defect when induced throughout macrophage infection.

Methods

TRIP pool construction. Construction of the induction mutant strains has been published in detail in
both Minch et al. and Rustad et al*®**’. In brief, for each of the 214 putative DNA-binding proteins in
MTB we searched a Gateway Entry Clone library of open reading frames in the pDONR221 backbone
(PFGRC/Colorado State University under NIAID contract HHSN266200400091c, available from BEI). A
total of 206 TF entry clones were successfully created and cloned into a vector via a Gateway cloning
recombination cassette (gift of Eric Rubin) that placed the TF under the control of a tetracycline
inducible promoter. A C-terminal FLAG tag was also added to each construct (except for Rv3133c/DosR,
which is N-terminal), before transformation into MTB H37Rv. The final ATc-inducible strains are
available from the BEI strain repository (NR —46512). To construct the TRIP pool, all strains were
cultured until stationary phase (OD 1.0) and diluted back to OD 0.1 in a cultured containing each of the

206 strains. Cultures were stored in 1 ml aliquots at 50% glycerol concentration at -80 °C.

Standard culturing conditions and log-phase experiments. All strains were cultured in Middlebrook 7H9
with ADC supplement(Difco), 0.05% Tween80, and under constant agitation at 37 °C. TRIP strains
containing the ATc-inducible expression vector were additionally cultured with 50 pug/ml hygromycin B
to prevent plasmid loss. Log-phase experiments were performed under aerated conditions, under
constant agitation, and growth was monitored by OD600. 18 hours (approximately one cycle of
replication) before the day 0 time point cultures in early log phase (OD 0.1 — 0.3) were split to OD 0.05
and ATc (100 ng/ml final concentration) added to one. Cultures were allowed to continue an additional

5 days before the final time point was collected in the log-phase experiments.



19

THP-1 culture and differentiation. For our macrophage model of infection we utilized human-
macrophage-like THP-1 cells. THP-1 cultures were grown in PRMI 1640 (ThermoFischer Scientific),
supplemented with 10% fetal bovine serum (FBS), at 37 °C, 5% CO,. For quality control, THP-1 cells were
not used in experiments past ~10 passages from thaw, to ensure uniform morphology and cell health
within the cultures. Undifferentiated THP-1 cell concentration was maintained between 1.0 x 10° and
1.0 x 10° to ensure health. To differentiate cells into the macrophage-like attachment phenotype, cells
were centrifuged at 1800 rpm for 10 min and re-suspended at a concentration of 8.0 x 10° cells and 100
nM phorbol 12-myristate 13-acetate (PMA) (Sigma). Treated cells were then dispensed in 5 ml aliquots
into vented T25 flasks (Corning) and allowed to rest for 72 hours. Following differentiation, PMA-
treated media was removed, cells were washed with fresh RPMI + 10% FBS, and allowed to rest for an

additional 24 hours before infection.

THP-1 infection and TRIP screen. 18 hours before THP-1 infection, a log phase culture of the TRIP pool
was split into two 10 ml cultures at OD 0.1. The induced culture was also brought to a concentration of
100 ng/ml ATc. Each replicate in our macrophage screen consisted of a T25 flask seeded with 4 million
differentiated THP-1 cells. For infection, the early log phase TRIP uninduced and induced pools were re-
suspended in RPMI + 10% FBS at a concentration of 2.5 x 10° bacteria/ml. 2 ml of TRIP dilution
(multiplicity of infection of 1) were then added to each flask and allowed to infect at 37 °C for 4-6 hours.
Following infection, each flask was emptied of media, washed thoroughly with warm PBS three times to
remove any extracellular bacteria, and resupplied with 5 ml RPMI + 10% FBS (+/- 100 ng/ml ATc).
Cultures were returned to 37 °C, 5% CO; for the duration of macrophage culture. For each time point,
DNA from 3 separate samples was collected immediately following infection and again after five days of

intra-macrophage growth.
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DNA isolation. Macrophages were lysed using 1 ml 0.1% Triton X-100 in PBS for 10 minutes at 37 °C.
Lysed cells were collected, spun down for 5 minutes at 3200 g, and supernatant removed. The pellet
was resuspended in 0.5 ml 1X TE, pH 8.0 and transferred to a lysing matrix B tube (MP Bio). Samples
were bead beat 3 times for 30 seconds at 6.5 speed to lyse bacteria using the OMNI Bead Ruptor 24 Elite
bead beater. Lysed samples were then spun down for 1 minute at 13,000 x g and 300 ul supernatant
transferred to a clean o-ring screw cap tube. Samples were then sterilized for 30 minutes at 95 °C
before removal from the biosafety level 3 facility. DNA extraction was completed using the standard kit
protocol for the MagJET Genomic DNA Isolation kit (ThermoFisher). Final DNA yield was assessed by

Nanodrop (ThermoFisher).

lllumina library prep and sequencing. To amplify the unique genetic tags of each mutant for lllumina
sequencing, we performed a limited PCR amplification using a pool of 207 primer pairs corresponding to
each specific TRIP mutant tag. 5 ul of mixed macrophage and MTB DNA were combined with 5 ul of
primer mix (37.4 uM), and 10 ul 2X PCR Master Mix (ThermoFisher) and amplified under the following
cycling conditions for only 20 total cycles: 95 °C for 10 min, 95 °C for 15 s, 60 °C for 4 min, repeat step 2
19x. Following this, the ~220 bp unique genetic sequences were isolated using size selection via
Agencourt AMPure XP beads (Beckman Coulter). Samples were prepared for Illumina sequencing
following the standard library prep protocol in the NEBNext Ultra DNA Library Prep Kit for Illumina. Final
library concentration was quantified via KappaQuant (Kapa Biosystems). Sequencing was completed at
the Northwest Genomics Center at the University of Washington using a NextSeq 500 platform.
Returned short sequencing read FASTQ files were aligned to the H37Rv reference genome and analyzed
for read counts per gene. Each gene was normalized for the total number of reads per sample (each

lane of the sequencing run will contain a differential number of total reads), as well as individual gene
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length (larger genes will obtain more reads). Data processing was completed in R, using the edgeR and

limma packages.

Results

Establishment of log phase induction phenotypes. Before investigating regulons driving a phenotype in
a given stress, we sought to identify those transcription factors that possess a phenotype due to
induction during log phase growth. The TRIP pool was grown to OD 0.1 under standard culturing
conditions with continuous agitation. The induced pool was then treated with 100 ng/ml ATc and both
the uninduced and induced pools cultured an additional five days, at which point DNA isolation and

library preparation were carried out (see Methods).
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Figure 1. Relative abundance of induced and uninduced TRIP strains after five days of growth. Values on each
axis are the log2 number of reads per gene per one million total sample reads. Each data point represents a
single TRIP strain. This log phase control data set is composed of multiple independent experiments, and
strains are represented by 9 induced and 17 uninduced experiments. The blue zone denotes < 2-fold
difference, red > 2-fold difference.
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Of the 207 strains within the mutant pool, 24 TRIP strains possess at least a two-fold greater defect in
the induced compared to uninduced condition after 5 days of growth (Figure 1). A two-fold difference is
equivalent to one less doubling in bacterial growth. Assuming a standard doubling time of roughly 18
hours, this 5-day time course would allow ~6 doublings in the uninduced strains. Those strains with the
largest defects have a nearly 6-doublings difference, which is equivalent to complete inhibition of
growth within one cycle of replication following ATc addition. TRIP strains falling along the red line and
within the blue shaded region in figure 1 possess no difference between the induced and uninduced

conditions, and this is the case for 169 of the induction strains during log phase growth.

Macrophage Defects. Subsequently, we set out to characterize those TRIP strains that cause a defect

over the course of macrophage infection.
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Figure 2. Overview of the macrophage TRIP screen.
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Each replicate in the TRIP macrophage screen was a T25 flask seeded with 4 million THP-1 cells and
differentiated into the macrophage-model phenotype via treatment with PMA for 72 hours. The TRIP
pool was grown to early log phase growth (~OD 0.2), split roughly 18 hours before infection, and one
half induced with 100 ng/ml ATc. On the day of infection, the induced and uninduced pools were
diluted into RPMI and the flasks infected at an MOI of 1 for 4-6 hours. Following infection, the flasks
were washed 3 times with warm PBS before being fed back with 5 ml RPMI (+/- ATc) and incubated at 37
°C, 5% CO, for 5 days. For sample collection, the flasks were treated with 0.1% Triton X-100 for 10 min
to lyse the THP-1s cells, at which point the lysate was collected and processed through our standard
DNA isolation and library prep procedure (see methods). This screen was successfully completed three

separate times, with each run containing three biological replicates per time point.
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Figure 3. Day 5 induced vs uninduced macrophage phenotype comparison. Graphed values are log2 reads per
million hits. Each data point represents a single TRIP induction strain. The data points here are taken from an
average of three total screens and comprised of 9 biological replicates in both the induced and uninduced
conditions.

Much like the log-phase induced vs uninduced comparison, the majority of TRIP strains do not show a
defect over the course of macrophage infection (Figure 3). 168 strains fall along the red line and have a

less than 2-fold difference between the induced and uninduced. Two transcription factors, Rv3060c and
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Rv1379 fall directly on the 2-fold cutoff for increased growth in the induced condition. 36 strains
possess a greater than 2-fold defect in relative abundance after 5 days of growth within THP-1 cells.

These strains fall below the two-fold cutoff and are skewed towards the uninduced axis.

Comparison of macrophage and log-phase phenotypes. Our primary goal for this screen was to identify
regulons that have a defect unique to the macrophage environment, and to identify this population we
compared the defects identified in the macrophage to those that occur during log-phase growth. To do
this we quantified the defects in each condition by subtracting the induced reads from the uninduced at
five days of growth, and then graphed them against one another. In short, the macrophage (Figure 3)
and log phase (Figure 1) day 5 growth differences are now graphed against one another. Here, those
TRIP strains with an equivalent defect between the two experiments will fall along the central red line,

and our phenotypes of interest will fall above a 2-fold cutoff.
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Figure 4a. Comparison of macrophage and log-phase phenotypes to identify regulons driving a defect unique
to the macrophage environment. Data points each represent a specific TRIP strain and are a comparison of
the uninduced —induced log2 reads per million hits for the macrophage and log-phase data sets. Strains
lacking a phenotype are in blue, log-phase increased growth in light blue, macrophage defect regulons are red,
CORR regulons purple, and previously identified macrophage regulons in green. b. Quantification of
macrophage regulon defects by strain. This graph depicts the magnitude of defect relative to log phase
growth for each strain. The blue dashed line represents the two-fold difference significance cutoff.

This comparison succeeded in identifying TRIP regulons with a greater defect resulting from induction
within the macrophage environment (Figure 4a). 163 strains did not possess an induction defect in
either context. 13 regulons did have a significant difference between the induced and uninduced
conditions over 5 days of macrophage growth, but it did not differ between log phase and macrophage
infection induction (red line). Three phenotypes were increased during log phase growth relative to
macrophage infection (light blue). A total of 24 target regulons were identified (red). These strains
possess at least a two-fold greater defect over the course of a five-day macrophage infection relative to
the defect accrued during five days of log phase induction (Figure 4b). The enlarged, purple markers
signify three strains also identified by our hypoxia/reaeration screen (see chapter 2). The green dots
represent Rv1049 and Rv1219c, both TFs have previously published results indicating an association
with macrophage outcomes and serve as a validation of our results®®*°, To further validate our
identified phenotypes, we performed a z score comparison between the macrophage and log-phase

phenotype data sets. A z score estimates the number of standard deviations a measurement falls from a
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comparative population, and in this case was calculated for a given mutant as [(mean macrophage
uninduced — induced) — (mean log phase uninduced - induced)] / (standard deviation all log-phase
uninduced — induced). Across all mutants, the median number of standard deviations the macrophage
phenotype fell from the log phase was 0.55. For our macrophage defect regulons, the median
difference was 9.62 standard deviations, and all regulons fell at least 3 standard deviations from the log
phase phenotype. Three standard deviations is the equivalent of 99.7% of all data within a given
population, and here represents a second significance cutoff for our identification of macrophage

growth defects.

Leveraging our published TRIP data sets. We turned to the Sherman Lab’s previously published data
sets in order to better characterize our newly identified macrophage defect regulons*’. The
expression data allowed us to identify all transcriptional changes driven by a TRIP regulator, and the
ChlIP data set identifies all specific binding locations throughout the genome for a given transcription

factor.

Examining published functions, the macrophage defect regulons fall into four categories. 13 of the
regulators have no published functional significance in macrophage infection, 4 have been previously
associated with virulence or adaptation to stress, and two are known to mediate drug resistance or
tolerance. We have also identified 4 DNA-binding proteins that do not carry out transcription factor
activity but still drive a macrophage defect. The amount of log-phase expression changes mediated by
the macrophage TRIP strains varies greatly, and those TRIP regulators lacking in published function also

possess the lowest number of log-phase expression changes. The number of ChIP binding peaks for a
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given regulon does not correlate with either its functional category or number of log-phase

transcriptional changes.

Table 1. Log-phase expression, chromatin immunoprecipitation, and publication results for the

macrophage infection regulons.

Macrophage Regulon Name log2 defect Ind

Rep ChIP peaks

PubMed

Rv0043c

Rv0818

Rv3765c¢ terX
Rv2884

Rv2282c

Rv1985c

Rv1776c

Rv1359

Rv2242

Rv1353c

Rv0472c

Rv1963c mce3R
Rv0967 csoR

Rv0022c whiB5
Rv0023
Rv1049
Rv0081

Rv1219c
Rv0047c

Rv3676

Rv3286¢ sigF
Rv3260c whiB2
Rv0054 ssb

Discussion

3.1
3.1
2.8
1.8
1.6
1.5
1.5
1.5
1.4
1.4
1.2
1.0
1.0

4.0
3.1
1.9
1.2

1.4
1.8

2.6
2.0
1.4
1.3

11
323
54
41
22
1
12
0
29
44
1
12
0

216
489

283

41
29

43
234
104

231
40
134

11

62
50
15

219
404
70
119

29
33

42
71
16
16

No Previous Macrophage Association

6
21
85

n/a
1
231
72
3
n/a
413
8
n/a
331

no published results
no published results
two-compoenet regulator expressed during iron stress
no published results
no published results
lysine dependent regulator, no functional characterizatioin
no published results
no published results
no published results
no published results
no published results
negatively regulates membrane lipid transporters
copper homeostasis

Virulence/Stress Regulator

95
241
174
647

37
348

null mutant linked to virulence in both short-term and chronic mouse infection
CORR. See chapter 2 of thesis
oxidation sensing regulator shown to be important for macrophage survival
CORR. See chapter 2 of thesis
Drug Resistance
efflux pump regulator
resistance to putative antitubercular agent

Non-Transcription Factor Function

11
13
16
5

cAMP receptor protein, potentially linked to persistence
sigma factor involved in stress response, drug target
chaperone-like function, associated with cell division
single stranded binding protein

In this experiment we set out to determine whether our transcription factor induction method could

discern regulons specific to the adaptation to a given stress. We first needed to identify those regulons

that drove a defect due to induction under standard culture conditions, in order to compare with our

stress-generated defects. We found 24 TRIP strains possessed a log phase growth defect after 5 days

(Figure 1). These strains serve as a control moving forward, as their failure to repeat in any given

experiment could indicate a method failure rather than a lack of identified phenotypes. We next
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quantified 36 strains with a growth defect within macrophages after 5 days of growth (Figure 3).
Comparison revealed 13 of these regulons were equivalent to the defect incurred during log phase
growth (Figure 4). However, 24 regulons possess an induction defect after five days of growth in the

macrophage that is at least two-fold greater than an equivalent log phase phenotype.

We note the 13 regulators identified that have not previously been linked to adaptation within the
macrophage. In the introduction, a comparison was made between this new TRIP screen and more
traditional gene disruption or knockout methods. These regulons, 9 of which lack any sort of published
characterization whatsoever, potentially represent evolved sets of coregulated genes that respond to
macrophage infection that have been missed by previous gene disruption libraries screened through
macrophages. While we are aware of no other experiments specifically identifying a macrophage
infection phenotype, the published functional characterizations of Rv3765c, Rv1963c, and Rv0967
appear to fit plausibly with the known stress systems surrounding MTB’s infection of the macrophage.
During macrophage infection, the host works to sequester essential metals, including iron, from the
pathogen®°. Rv3765c is a two-component response regulator known to be upregulated under
conditions of iron-limited stress®'. While Rv3765c¢’s specific downstream regulatory activities related to
iron homeostasis are not known, the identification of this regulon represents an opportunity to push
forward the field’s understanding of adaptation to iron sequestration in the macrophage. Similarly,
Rv0967 (csoR) has been shown to be a critical regulator of copper homeostasis. At low levels of
environmental copper, the loss of csoR led to a bacterial stress response characterized by the induction
of the dosR regulon®. Further characterization of this regulon may be warranted in light of recent
studies indicating the accumulation of toxic levels of copper in the MTB phagosome is a macrophage
defense strategy®3. Finally, Rv1963c is defined as a repressor of a family of membrane lipid transporters,

and its knockout led to alterations in the lipid content of MTB®4. The importance of lipid uptake and
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utilization, particularly as it relates to lipid-loaded foamy macrophages, is an ongoing area of

investigation and should be considered relative to this regulon®-®,

Another functional association of interest identified in our macrophage regulons is the mediation of
drug resistance in macrophages. The only known publication for Rv0047c identifies it as containing
mutations in resistance mutants to a novel antitubercular compound®’. While not itself particularly
noteworthy, this underscores the point that each of the regulators here represents potentially a novel
therapeutic target against MTB and that the elucidation of its macrophage specific regulon could help
inform future drug regimen design. More concretely, Rv1219c is known to repress the efflux pumps
Rv1217c¢-1218c, which have been shown to mediate the efflux of a broad number of structurally
unrelated classes of antitubercular compounds*®*%, Understanding how and to what end this regulon is
activated could play an important role in designing future chemotherapeutic interventions targeting

macrophage infection.

Finally, we identified three strains here we have labelled as CORRs that are highlighted in Figure 4.
These strains were also identified in our hypoxia and reaeration experiments in chapter 2 and will be

discussed in further detail there.

Future Work. A key biological question for further analysis is whether the macrophage context imparts
differential regulon expression in those induced transcription factors with a defect. Table 1 highlights a
wide diversity in the number of specific DNA-binding events detected by chromatin
immunoprecipitation, often in excess of the number of corresponding log phase expression changes.
We hypothesize these observed quiescent binding events could mediate expression changes within the

correct environmental context, and therefore predict the induction of a given TF may drive a differential
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regulon within the macrophage. As such, it is imperative we define the macrophage-specific regulons of
these transcription factors in order to better understand how the altered transcriptional subnetworks

ultimately manifest in a growth phenotype.

The investigation of the TRIP screen within the context of different macrophage subsets and outcomes
could also provide novel associations between bacterial transcriptional networks and infection
outcomes. Screening the TRIP system through models of differential cell death pathways, immune
activation axes, and macrophage lineages could provide causal links between bacterial adaptation and

the few known correlates of disease progression the field has identified.
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Chapter 2. TRIP in hypoxia, reaeration, and an investigation into Rv1985c

Introduction

Chapter 1 of this thesis investigated those regulons critical to macrophage adaptation, as it is the most
intimate contact point between MTB and the host. However, a myriad of other factors play a role in the
progression to active disease — chief among them the granuloma. Following infection of alveolar
macrophages and a period of unchecked replication, the influx of the adaptive immune response drives
the formation of granulomas and control of infection. Granulomas are highly stratified structures, in
which bacteria are directly surrounded by densely packed macrophages and monocytes, which are
further ringed by the influx of lymphocytes. In the majority of cases, the formation of granulomas
around infection is sufficient to prevent the transition to active disease, and these individuals are
considered to be latently infected. Currently, there are thought to be roughly 1.8 billion people with

latent infection, and these individuals compose an enormous pool of potentially active cases?.

Major questions within the field are the determinants of active disease progression out of the
granuloma, however, certain immune correlates have been identified. Sufficient levels of IFN-y and
tumor necrosis factor are key determinants of successful granuloma formation and maintenance®%,
and the single largest predictor of reactivation disease is HIV infection,>>®° which increases the chance of
active disease progression by 8-10% per year. Other immune factors recently associated with control of
disease include higher levels of circulating IFN-y in latently infected individuals, lower numbers of

1321 While these broader immune correlates

circulating T regulatory cells, and higher levels of Th17 cells
represent steps forward, recent work has highlighted that lesions within the same lung experience
diverse disease outcomes, which likely are the result of local phenomena®®. Finally, recent publications

have identified host blood RNA signatures that may help predict treatment outcome and disease

progression83848>,
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A host of factors are thought to contribute to the control of MTB infection — including nutrient
limitation, acid stress, and nitric oxide exposure — but perhaps the most important stress within the
granuloma is hypoxia. MTB classically infects the most oxygen-rich sites of the body, and reactivation
disease occurs most commonly in the upper lobes of the lungs — the most oxygen rich site of the body®.
Treatment regimens have also highlighted the importance of oxygen tension. The standard TB
treatment before the antibiotic era consisted of surgery to collapse the lung and deprive the bacteria of
oxygen, and another study demonstrated that granulomas resistant to chemotherapeutic treatment
were associated with direct connection to open airways®2. Finally, the famous sanitarium movement
could potentially be explained on a physiological level by lower oxygen tension leading to decreased

disease and transmission at higher altitudes where many facilities were located®.

Studying the effects of hypoxia within the granuloma itself proves difficult, primarily due to a lack of
readily available and physiologically relevant animal models. Commonly used mouse strains do not form
hypoxic granulomas and, in contrast to human disease, granulomas typically are not well-formed
structures and lack the important traits of caseation and cavitation®®. Guinea pigs and rabbits do form
hypoxic granulomas resembling those in humans, but they lack a latent stage®. Non-human primates
offer strong models of human disease, including hypoxic lesions and latent infection, but due to cost and
difficultly have not been widely utilized for these studies®®®”. Alternatively, in-vitro hypoxic culture
models have been identified and the MTB transcriptional response to hypoxia has been thoroughly
studied within the Sherman lab. The initial response to hypoxia is mediated by the transcription factor
DosR, which rapidly induces a set of ~ 50 genes®®. The activation of DosR is carried out by the histidine
kinases DosS and DosT, which utilize heme prosthetic groups to sense redox state and oxygen tension,

respectively®®’?, However, the DosR regulon has increasingly been shown to mediate a more general
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stress response, and cannot explain MTB’s adaptation to hypoxia. Further characterization of hypoxic
time points revealed the induction of the enduring hypoxic response, a set of 230 genes that appear

between 4 and 7 days of hypoxic culture’ independently of the DosR regulon.

These two sets of genes provide the transcriptional landscape of MTB adaptation to hypoxia, but as with
the macrophage, further parsing of this network could provide important insight. While there are thirty
transcription factors found within the enduring hypoxic response, it has yet to be determined how
specific subnetworks of the response are coordinated, whether there are other regulators yet to be
identified, and to what degree subsets of genes are redundantly regulated. The identification of a
specific subset of regulators coordinating the hypoxic response could provide key insight into the
networks of evolved transcriptional adaptation required for the establishment of latency and
progression to active disease. Moreover, a core set of hypoxic regulons would also be a valuable tool in

investigating outcomes within disparate lesion physiologies or host blood RNA signatures.

Accordingly, we set out to define the core set of regulators and regulons required for surviving hypoxia
and reaeration by screening our TRIP strains in a hypoxic/reaeration culture model. In addition to the
identification of key regulons, here we investigate the function of Rv1985c as revealed through mutant

phenotypes and other analyses.
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Method
For a detailed discussion of TRIP strain construction, culturing conditions, and DNA isolation protocol see

the methods section for chapter 1.

Hypoxic culture. Hypoxic culture conditions were achieved using a 1 L three-armed spinner flask
(Corning), pictured in Figure 5. The flask featured a magnetic stir paddle and two spouts, all of which
were sealed using o-ringed caps to prevent unwanted gas exchange. One spout was reserved for sample
collection, and the other featured a cap with two open metal tubes for gas exchange. Both tubes were
capped with 0.2 micron filters for biocontainment and to prevent contamination. Hypoxia was induced
by flowing low oxygen gas (0.2% O, with N, balance) at a rate of 0.15 sq ft/min. Cultures were

constantly agitated at 60 rpm for the duration of hypoxic culture inside of a 37 °C incubator.

Hypoxia/reaeration TRIP screen. Early log phase cultures of the TRIP pool were split and one half
induced with a final ATc concentration of 100 ng/ml 18 h before hypoxia was induced. Cultures were
diluted to OD 0.1 and 400 ml aliquots transferred to hypoxia flasks. Day O time points were collected
immediately preceding low oxygen gas flow and the induction of hypoxia. Cultures were kept under
constant hypoxic conditions for 7 days, and only removed from gas flow/incubation briefly if sampling
was required. For reaeration, samples were removed from the hypoxia flasks and returned to standard
culturing conditions as described in chapter 1 for an additional 5 days. For the TRIP screen, samples
were collected and genomic DNA isolated at day 0 before hypoxic induction, following 7 days hypoxic
culture, and after 5 days reaerated growth. Individual follow up experiments collected samples for CFU
enumeration and RNA isolation at day 0 before hypoxia, days 2, 4, and 7 of hypoxia, and each of the five

days of reaeration.
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RNA isolation. Samples were pelleted via centrifugation at 3700 rpm for 5 min, 4 °C. Pellets were
immediately resuspended in Trizol, transferred to a lysing matrix B tube (MP Bio), and bead beat 3 times
for 30 seconds at 6.5 speed, resting on ice for a minimum of 30 seconds in between runs (Omni Bead
Ruptor 24 Elite). The mechanically lysed mixture was then centrifuged at max speed for 1 min and the
supernatant transferred to a Heavy Phase Lock Gel tube (Eppendorf) containing 300 ul chloroform. The
tube was inverted for 1 minute, and again centrifuged at max speed. The aqueous layer was then
transferred to a mixture of 300 ul isopropanol and 300 ul high salt solution (0.8 M Na citrate, 1.2 M
NaCl) for overnight precipitation. Following precipitation, RNA was purified using the standard protocol
of the Qiagen RNeasy kit. To improve sequencing results, ribosomal RNA was removed from samples

using the Ribo-Zero Bacterial rRNA Removal Kit (lllumina).

RNA-seq library prep, sequencing, and normalization. Construction of a cDNA library for Illumina
sequencing was performed using the NEBNext Ultra RNA Library Prep Kit for Illumina. Final library
concentration was quantified via KappaQuant (Kapa Biosystems). Paired-end RNA sequencing was
completed at the Northwest Genomics Center at the University of Washington using a NextSeq 500
platform. After alignment to the H37Rv reference genome, normalization was completed for total read
depth variation between samples, as well as gene length, using the R packages edgeR, limma, and
lowess. Data are therefore presented in reads per kilobase of transcript per million mapped reads

(RPKM).

Rv1985c macrophage time course. H37Rv:Rv1985c was grown to early log phase and split into standard
growth media and media containing 100 ng/ml ATc one day before infection. The H37Rv:A1985c strain
was cultured under standard conditions as well and kept in early log phase growth until the time of

infection. Differentiated THP-1 cells were seeded into T25 flasks as described in chapter 1. For
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infection, the early log phase H37Rv:Rv1985c -ATc, H37Rv:A1985c, and H37Rv:Rv1985c +ATc cultures
were re-suspended in RPMI + 10% FBS at a concentration of 2.5 x 108 bacteria/ml. 2 ml of each dilution
(multiplicity of infection of 1) were then aliquoted to the appropriate number of flasks and allowed to
infect at 37 °C for 4-6 hours. Following infection, each flask was aspirated of media, washed thoroughly
with warm PBS three times to remove any extracellular bacteria, and fed back with 5 ml RPMI + 10% FBS
(+/- 100 ng/ml ATc). Cultures were returned to 37 °C, 5% CO; for 5 days of macrophage culture. Each
time point of the experiment consisted of 3 separate induced and/or uninduced T25 flasks, and samples
were collected at day 0 immediately following infection and again after five days of intra-macrophage

growth for bacterial burden enumeration by plating.

Results
Hypoxia TRIP screen. To pair with our macrophage regulon data, we additionally sought to investigate

TRIP mutants within hypoxia, a stress associated with the formation of granulomas during chronic

infection.
DNA isolation- mutant pool || U U
= Log phase"‘— Hypoxia —_— Reaeration Y
| | | | | | | | | | | | | | | | |
I I [ [ [ [ [ [ [ [ I [ [ [ [ [ [
-2 -1 0 1 2 3 4 5 6 7 +1 42 43 +4 +5(d12) +6  +7  Days

ATc inducer added

Figure 5. Overview of hypoxic TRIP screen. DNA isolation and sequencing were performed at day 0, 7, and 12
to assess the prevalence of mutants before, during, and after recovering from hypoxia.

The TRIP mutant pool was cultured under standard aerated conditions to early log phase growth, split,

and one half induced with 100 ng/ml ATc one day before the induction of hypoxia. Before creating
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hypoxic conditions, the cultures were again diluted to obtain an OD 0.1 at the outset of hypoxia. To
induce hypoxia, cultures were transferred to airtight flasks, subjected to low oxygen gas flow with
nitrogen balance, and kept under constant agitation to achieve 0.2% oxygen (Figure 5). The induced and
uninduced cultures were kept under hypoxic conditions for seven days before being returned to aerated
growth for an additional 5 days. For the initial screen, DNA sample collection was performed at three
times: before creating hypoxic conditions, after 7 days hypoxic culture, and finally after 5 days of
reaeration. The screen was performed on three separate biological replicates of the TRIP pool. Under
hypoxic conditions, MTB enter a non-replicative state and little growth will occur in the bacterial
population. For this reason, we measured for a phenotypic defect over the course of reaeration
following hypoxic conditions. The day 12 time point, collected after 5 days aerated growth following
hypoxia, was therefore compared to our log-phase data set outlined in the macrophage chapter. Both
experiments measured relative abundance after 5 days of growth beginning from an OD 0.1 in
uninduced and induced conditions. We hypothesized the induced TRIP strains recovering from exposure
to hypoxia would accrue greater defects relative to the strains only induced under log phase conditions.
5 strains were identified with at least a two-fold greater defect as a result of hypoxia and reaeration
relative to standard log-phase induction (Figure 6). 29 strains possessed similar defects in both

conditions.
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Figure 6. Comparison of TRIP hypoxia/reaeration phenotypes to log phase phenotypes. a. The day 12
hypoxia/reaeration uninduced-induced phenotypes were compared to the day 5 baseline log phase
uninduced-induced phenotypes. The hypoxic screen was completed in triplicate and each marker represents
an individual TRIP strain. b. Quantification of the 5 transcription factors with a greater than two-fold defect
resulting from hypoxia and reaeration. All values are in log2 reads per million hits and the 5 phenotypic strains
are highlighted in purple.

Critical Oxygen Response Regulators. The Mycobacterium tuberculosis hypoxic response has previously
been well characterized by the Sherman Lab (Park 2003, Roberts 2004, Rustad 2008, Sherrid 2010).
Over the course of hypoxia and reaeration, the expression of nearly a quarter of the MTB genome
changes. While the immediate DosR response has been well characterized, little is known about the
regulatory mechanisms driving the hundreds of genes participating in the enduring hypoxic response or
reaeration response. To assess how well the regulons identified by the hypoxic TRIP screen aligned with

the known MTB hypoxic response we compared the TRIP expression and ChIP data sets***” for the 5



transcription factors with a hypoxia/reaeration defect to those genes induced during the enduring

hypoxic response (Figure 7).
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Figure 7. Comparison of TRIP log-phase expression regulons and ChIP data to the enduring hypoxic response.
The five transcription factors (purple) are connected to the induced genes (blue) via expression changes (red
lines) or ChIP binding peaks (blue). All interactions presented here fall below a p value cutoff of < 0.01. See

references 46 and 47 for further detail.

239 genes are induced in the hypoxic response, 69% of which are either transcriptionally controlled by

or have promoter binding sites for at least one of the five hypoxia and reaeration regulons. Considering

this high degree of overlap, we have named the set of five transcription factors the Critical Oxygen

Response Regulators (CORRs). Three of these transcription factors also were identified in our

macrophage screen. Rv0023 and Rv0081 are extensively regulated in log-phase and bind many sites on

the bacterial chromosome (Chapter 1, Table 1). Rv0023 induces 489 genes, represses 404, and has 241

ChIP binding peaks, while Rv0081 induces 283, represses 119, and possesses a ChIP binding profile of

647 peaks. Within the hypoxia induced gene network (Figure 7), Rv0023 regulates 102 genes by
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expression and binds to 29 via ChIP. Rv0081 drives 53 expression changes and binds 63 genes by ChIP.
In contrast, the other macrophage and hypoxia overlap regulon, Rv1985c, induces only 1 gene and
represses 3 during log-phase growth. However, its ChIP binding profile includes 231 peaks.
Unsurprisingly, in the CORR network all 23 putative Rv1985c regulatory connections to the enduring

hypoxic response data set are via ChlP binding.

Rv1985c. Rv1985c is a putative LysR-type transcription factor with orthologs in Escherichia coli and
Corynebacterium glutamicum that regulate the arginine operon and a lysine transporter,

7273 However, relatively little work has been done outside of these cursory functional

respectively
studies in the orthologs, and no studies have been undertaken on the role of this MTB regulator within
either of the infection models presented in this thesis. A hallmark of LysR-type transcriptional
regulators is their ability to bind target regions within the genome but exert no regulatory effect until an
activating cofactor is present’®. Given the high number of specific ChIP peaks that result in few
transcriptional changes, we hypothesized that a specific condition within the macrophage and
hypoxia/reaeration environments activates additional regulatory capacity of Rv1985c that has yet to be
defined. This phenotype therefore presented to opportunity to define a novel regulon key to the

adaptations to hypoxia/reaeration and potentially the macrophage. Accordingly, we next focused on

better defining the Rv1985c phenotype and regulon within the hypoxic model.

Rv1985c phenotype confirmation and bacterial burden. To confirm our H37Rv:Rv1985c¢ hypoxic
phenotype and quantify changes in the bacterial burden over the course of hypoxia and reaeration, we

repeated the hypoxic time course in triplicate and with additional time points (Figure 8).
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Figure 8. Expanded hypoxia/reaeration time course measurements to characterize changes in
bacterial burden and the transcriptome. Rv1985c was individually repeated in triplicate flasks with a
four flask as an uninduced control. In addition to the previous day 0, 7, and 12 time points, further
hypoxic measurements were taken at days 2 and 4 and each day of reaeration was sampled.

Bacterial survival was determined by CFU at Days 0, 7 (end of hypoxia), and 8-12 (reaeration).
Expression data was determined by RNA-seq at Day 0, 2, 4, 7 (hypoxia), and 8-12 (reaeration). In wild-
type, Rv1985c is expressed at low levels during log phase growth, undergoes rapid induction to high
levels during hypoxia, and immediately returns to baseline by the first day of reaeration. Given that we
are inducing Rv1985c during the TRIP screen, we hypothesized the induction of Rv1985c¢ during hypoxia
would have little effect on the bacterial burden relative to wild-type, but the continued expression of
Rv1985c¢ above baseline during reaeration would result in decreased bacterial burden as reaeration

progressed.
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Figure 9. Bacterial burden of Rv1985c over the course of hypoxia and reaeration. Each strain was measured in
triplicate biological replicates(excluding day 12) and values are graphed with standard error bars. Significance
determined by student’s t-test, * indicates p<0.05.

Both the empty plasmid control and Rv1985c induction mutant experienced negligible changes in
bacterial survival over the course of hypoxia. The difference between the two strains remains non-
significant at day 8, the first day of reaeration, and by day 9 divergent growth emerges as the control re-
enters log phase growth and the mutant remains static. By day 10, three days of reaerated growth has
produced a significant defect in the recovery of the Rv1985c induction mutant relative to the control
strain (Figure 9, t-test p<0.05), totaling well over a log difference in bacterial burden. At day 5 of
reaeration, the induction mutant exhibited its first uptick in growth, but the difference in bacterial
burden remained roughly one and a half log difference. The defect due to Rv1985c induction previously

observed in the TRIP screen therefore repeated, supporting the hypothesis of a defect in reaeration.

H37Rv: A1985c mutant. In addition to further characterizing the Rv1985c mutant individually, we also
sought to identify any phenotype within the macrophage or hypoxia associated with a knockout of

Rv1985c. Briefly, Rv1985c was knocked out via homologous recombination and replaced with a
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hygromycin resistance gene and subjected to the same CFU and RNA isolation time course as outlined in
Figure 8. Given that Rv1985c is strongly induced during hypoxia and quickly returns to baseline in
reaeration, we hypothesized a defect would occur in the knockout during the seven-day hypoxic culture
and recover in a manner similar to wild-type once reaeration occurred given that Rv1985c expression

would again be negligible.
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Figure 10. Bacterial burden of A1985c over the course of hypoxia and reaeration. The knockout strain was
completed with triplicate biological replicates and standard error bars are shown.

The H37Rv wild-type strain and H37Rv:A1985c¢ did not differ significantly over the course of the
experiment (Figure 10). We expanded our bacterial burden characterization to include time points at
days 2 and 4 of hypoxia, but there was little difference between the two strains. Over the full seven
days of hypoxia, a minor amount of fluctuation in bacterial burden was observed totaling less than half a
log, not an uncommon amount of variation in this type of experiment. Following reaeration, both
strains lagged for one day as expected before re-entering log phase growth. Over the course of

reaeration, no significant differences occurred in growth rate or total bacterial burden. Contrary to our
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hypothesis, we did not find a hypoxic phenotype for H37Rv:A1985c, potentially indicating a redundant
regulatory mechanism that can compensate for Rv1985c’s absence. In addition to testing the A1985c
mutant in hypoxia, we also determined if a phenotype occurred in our macrophage infection model.
The standard five-day course of infection outlined in chapter 1 was performed, and bacterial burden

determined by CFU.

8.0x105
E3 Rv1985c - ATc
B Rv1985c +ATc
. 1 54
6.0x10 Bl A1985c¢
4.0x10°1

Bacterial Burden

2.0x10°1

0-

Figure 11. Macrophage infection phenotypes for Rv1985c and A1985c. The run was completed in triplicate
biological measurements and standard error bars are shown. Differences trended towards significance by t-
test but p > 0.05.

As expected, less growth was observed in the Rv1985c induced mutant in comparison to the uninduced
control, with the induction mutant at roughly half the bacterial burden of the control (Figure 11). This
confirmed the relative abundance phenotype observed in the chapter 1 macrophage screen. As with
the hypoxia/reaeration characterization, the A1985c strain did not exhibit a growth defect in the
macrophage infection model. In fact, the knockout exhibited more growth within the macrophage
environment than did the wild-type control. Thus, in neither context in which the induction of Rv1985c

produced a growth defect did the knockout of this same regulator impact growth.
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Transcriptomics to derive mechanistic hypothesis. To this point, our screen data indicate the Rv1985c
induction mutant carries a defect over the course of 5 days macrophage infection, and during the
process of reaeration following 7 days of hypoxic culture. Individual strain follow-up confirmed these
phenotypes, and provided the opportunity to collect RNA (Figure 8). We sought to define the
transcriptional profile of each mutant over the course of hypoxia and reaeration to identify potential
molecular mechanisms driving the phenotype. Recall, Rv1985c mediates only 4 expression changes
during log-phase growth despite its widespread binding in the ChIP data set. Here, we hypothesized
that novel, environment-specific transcriptional regulatory events would drive the reaeration

phenotype.

Figure 12 provides a broad categorization of the fold change differential expression between the
Rv1985c induction mutant and the empty plasmid wild-type control over the course of hypoxia and
reaeration. Note that any genes not varying at least 2-fold between Rv1985c¢ and the control at any
point during the experiment were excluded. At day O, there are minimal differences between the
transcriptomes as expected. Over the course of the day 2, 4, and 7 hypoxia time points there is an
increase in the number of differentially expressed genes, but both the number of genes and the
magnitude of differential expression is relatively low. This is not surprising given that no phenotype was
observed following Rv1985c induction during hypoxia. At day 8, the first day of reaeration, the number
of differentially expressed genes is again quite low — it appears as if the two transcriptomes converged
back towards log phase similarity. Euclidian clustering analysis showed days 0 and 8 were the two most
similar in terms of fold change differences across the transcriptome. As reaeration progresses, the
number of divergently expressed genes quickly increases. Furthermore, the magnitude of these
expression differences is increased. Gene ontology analysis of the divergently regulated gene sets from

days 9-12 failed to identify enriched associations within the biological processes or molecular functions
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categories — potentially indicating that they hypoxia defect of the Rv1985c induction mutant is not due

to dysregulation of one particular stress response but is multifactorial.
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Figure 12. Rv1985c induction vs empty plasmid differential expression analysis. Samples were collected in
triplicate and data are graphed as fold change log2 reads per kilobase of transcript per million mapped reads
(RPKM). Those genes that did not vary at least 2-fold over the course of the experiment are excluded. Relative
to Rv1985c, blue indicates repression and red induction. Color breaks are drawn to highlight expression
changes beginning at two-fold and reaching maximum intensity at four-fold or above.

Recall the Rv1985c induction strain begins to accrue its bacterial growth defect by the second day of
reaeration (Figure 9), when we see the widespread divergent expression differences build. The growth
defect by CFU reaches significance on Day 10, when we correspondingly see nearly a quarter of the
genome has become differentially expressed between Rv1985c and the control (Figure 12). Based upon
this, we hypothesized a group of genes are mis-regulated in the Rv1985c induction mutant at day 8, and

this drives the failure to reaerate properly and widespread dysregulation throughout the rest of the
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transcriptome. We therefore examined the largest expression differences at Day 8 more closely, just

before the widespread separation of the two transcriptomes occurs.

The ribosomal protein locus. To inform a hypothesis regarding the molecular mechanism driving the
Rv1985c induction phenotype, we next examined the specific genes with a 4-fold or greater expression

difference at Day 8 (Table 2).

Table 2. Genes with at least 4-fold differential expression between Rv1985c and the empty plasmid on day 1 of
reaeration. Negative log2 values in the Empty-Ind column indicate genes that are induced in Rv1985c, while
positive values indicate repression.

Empty-ind
Gene NAME PRODUCT (log2)
Rv1985c¢ transcriptional regulator, lysR-family
Rv1316c ogt methylated-DNA-protein-cysteine methyltransferase ogt

Rv1317c alkA ada regulatory protein alkA
Rv1318c adenylate cyclase

Rv0721 rpsE 30S ribosomal protein S5 rpsE
Rv0723 rplO 50S ribosomal protein L15 rplO
Rv0719 rplF 50S ribosomal protein L6 rplF
Rv3477 PE31 PE family protein

Rv0720 rpIR 50S ribosomal protein L18 rpIR
Rv0722 rpmD  50S ribosomal protein L30 rpmD
Rv0714 rpIN 50S ribosomal protein L14 rpIN
Rv0717 rpsN1  30S ribosomal protein S14 rpsN1
Rv0718 rpsH 30S ribosomal protein S8 rpsH
Rv0715 rplX 50S ribosomal protein L24 rplX
Rv0716 rplE 50S ribosomal protein L5 rplE

Unsurprisingly, Rv1985c is highly induced in relation to all other genes. The three remaining induced

genes appear to be part of an operon. ogt and alkA both function within DNA repair, and adenylate
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cyclase catalyzes the formation of the important signaling molecule cyclic AMP. Strikingly, of the 11
repressed genes in Rv1985c, 10 of them are ribosomal proteins. Furthermore, these ribosomal proteins
compose a continuous operon, from Rv0714 — Rv0723. Mycobacterium tuberculosis possesses ~50
ribosomal proteins, and in our log-phase TRIP expression data very few ribosomal protein genes were
transcriptionally altered by the induction of any TRIP mutant. Given the high number of ribosomal
genes repressed by Rv1985c during reaeration, we sought to more thoroughly examine this locus over

the course of hypoxia and reaeration.

In wild-type, the ribosomal protein genes are transcriptionally repressed during hypoxia (days 2, 4, 7)
and immediately increase expression upon reaeration. Figure 13 compares the fold change expression

difference between H37Rv:Rv1985c and the empty plasmid control in this ribosomal protein locus.
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Figure 13. Ribosomal protein fold change expression heat map for Rv1985c induction vs wild-type control over
the course of hypoxia and reaeration. Relative to Rv1985c, blue shading indicates repression, red induction.
The heat map represents the magnitude of fold change log2 RPKM data from three biological replicates. Color
breaks begin at 2-fold and progress to solid colors at 8-fold.
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Fold change comparisons reveal that at day O, there is a roughly 2-fold repression of this ribosomal
protein locus due to the addition of ATc one day before the experiment. Throughout hypoxia, there are
minimal fold change differences between H37Rv:Rv1985c and the control, though the first 5 genes in
the operon may be slightly more repressed by the induction mutant. At day 8, where we saw minimal
expression differences elsewhere in the transcriptome (Figure 12), the ribosomal proteins are uniformly
repressed, some to nearly an 8-fold difference. This strong repression continues through days 9 and 10
(the 2"d and 3™ of reaeration), where we see the bacterial burden differences take effect (Figure 9). At
four days of reaeration, the repression begins to lessen, and by the fifth day of reaeration the locus

closely resembles wild-type with only minor repression in some cases.
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Figure 14. Ribosomal protein fold change expression heat map for A1985c induction vs wild-type control over
the course of hypoxia and reaeration. Relative to A1985c, blue shading indicates repression, red induction.
The heat map represents the magnitude of fold change log2 RPKM data from three biological replicates. The
color breaks here are identical to those in Figure 13.
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If Rv1985c was responsible for repressing the ribosomal protein locus during hypoxia, we hypothesized
the deletion of Rv1985c would prevent this from occurring. However, the A1985c expression data
closely mirrors the wild-type across the ribosomal protein locus for both hypoxia and reaeration, as
evidenced by minimal fold-change differences rarely exceeding 2-fold in the figure above (Figure 14).
Considering our CFU data demonstrated no phenotype during hypoxic culture for the knockout, this was
not entirely surprising and potentially indicates redundant regulatory mechanisms capable of acting

upon the ribosomal protein locus.

Discussion

Here we set out to define the regulators and regulons of MTB critical to the orchestration of the
hypoxia/reaeration response. Past efforts had defined the landscape of transcriptional changes
throughout hypoxia, but little was understood regarding how specific regulators orchestrated the
response through specific, evolved subnetworks. Furthermore, it remains an open question within the
field as to how MTB’s adaptations influence or derive from known correlates of disease progression in

the granuloma.

Here, we identified 5 transcription factors with an at least 2-fold growth defect relative to wild-type
control over the course of hypoxia and reaeration (Figure 6). Subsequently, we sought to understand
how well these five regulators mapped to the known genes of the hypoxic response. 70% of the
enduring hypoxic response induced genes mapped to the regulons of the five TFs via known expression
changes or DNA-binding locations (Figure 7). In light of this overlap, we have named the set of TFs the
Critical Oxygen Response Regulators. Rv0081 is a member of the DosR regulon, and potentially forms a
hierarchical link between the regulation of the immediate DosR response and the enduring hypoxic

response. In log phase, RvO081 modulates a large portion of the transcriptome (283 induced genes, 119
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repressed) and displays widespread DNA binding (647 ChIP peaks). Correspondingly, this TF overlaps
with the enduring hypoxic response via 53 expression changes and 63 ChlP binding events. Such
widespread expression changes and binding events may indicate a broader stress response pathway
that is regulated by Rv0081 as a part of the hypoxic response. Similarly, Rv0023 exerts widespread
change in the log-phase transcriptome (489 induced, 404 repressed) and binds 241 locations via ChlIP.
102 of its expression changes and 29 DNA-binding locations overlap with the hypoxia induced genes.
There is no known functional characterization for this TF. In log-phase Rv3416 mediates 255 induction
events, and 116 repression events, along with 21 ChIP binding peaks. It possesses 24 connections to the
enduring hypoxic response, 2 by ChIP and 22 by expression. Rv3416 is a known antigen expressed by
MTB during macrophage infection and is associated with the downregulation of the apoptotic pathway
within macrophages’”’. Despite this finding, this TF was not identified by our macrophage screen,
perhaps due to the lack of an in-vivo context for infection progression. Rv2788 possesses a relatively
sparse regulon compared to the other CORRs above, inducing 9 genes and repressing 72 in log-phase,
along with 5 ChIP binding peaks. On the CORR map, it connects to the hypoxia induced genes via 18
expression changes and 1 DNA-binding peak. Rv2788 is in fact a manganese dependent transcriptional
repressor of manganese transporters, and has been shown to be essential for adaptation to manganese-
rich conditions’®. Further studies in M. smegmatis demonstrated its overexpression improved survival

to a variety of stresses including hydrogen peroxide, acid stress, and antibiotic treatment”.

It should be noted that 3 of these CORRs (Rv0081, Rv0023, and Rv1985c) were also identified by our
macrophage phenotype screen. Potentially this indicates part, or all, of the hypoxic response network is
critical to the adaption within macrophages as well as hypoxia, or that these CORRs adapt subsets of

general stress response mechanisms to a specific context.
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We acknowledge the high number of binding and transcriptional changes attributed to these five
transcription factors, and that not all of them overlap with the enduring hypoxic response (Figure 7). It
is possible additional stress contexts exist for which these transcription factors respond, or that specific
cofactors were not present to activate certain genes. Furthermore, DNA-binding proteins have been
shown to carry out functions in addition to transcription factor activity, including that of a nucleoid-
associated protein responsible for higher-order chromosomal structure. In MTB, EspR has been

published as both a transcription factor and a nucleoid-associated protein®82,

Review of our CORR regulons identified Rv1985c as an intriguing candidate for further characterization.
Rv1985c is a LysR-type transcription factor known to mediate only 4 expression changes in log-phase,
despite a relatively widespread ChIP binding profile of 231 locations in the genome. Its connection to
the hypoxia-induced genes was mediated by 23 DNA-binding events. A hallmark of LysR-type
transcription factors is their ability to bind to DNA target sequences without exerting a regulatory effect
until the secondary binding of a cofactor. This uniquely positions these TFs to rapidly adapt an organism
to a given stress, and fits with our observed widespread, quiescent DNA binding. Accordingly, we
hypothesized this TF could possess a hypoxia/reaeration specific regulon, and these novel expression
changes would then drive the observed growth defects in our screens. Accordingly, we carried out

individual follow-up of Rv1985c via bacterial burden studies and RNA-seq.

We confirmed the presence of a growth defect for Rv1985c (Figure 9) and clarified that it did not occur
during hypoxia itself (when Rv1985c is induced in the wild-type), but rather the Rv1985c induction
mutant lags during reaeration and does not appear able to resume log-phase growth. This led to the
hypothesis that the continued expression of Rv1985c during reaeration, when wild-type expression

levels return to baseline, would drive the continued expression of a regulon responsible for the



53

phenotype. RNA-seq identified relatively few differences between the Rv1985c induction strain and
empty plasmid control in log-phase and hypoxia (Figure 12). The first day of reaeration also produced
few expression differences, and was quite similar to the log-phase comparison between the two.
Beginning at day 9, widespread transcriptional divergence between the mutant and control were
observed, with the magnitude of divergent regulation increasing as reaeration progressed. On days 3
and 4 of reaeration, nearly 1,000 genes (~1/4 of the MTB genome) were disparately regulated. This
rapid expression divergence corresponded with the onset of a growth phenotype between the two
strains. Given that Rv1985c is continually induced throughout the experiment, we hypothesized the
responsible differential regulon must have continued to be expressed after hypoxia into the first day of
reaeration and could be identified there before the widespread transcriptional divergence occurred.
Table 2 identified a continuous operon of ribosomal proteins are strongly downregulated by Rv1985c at
day 8. Analysis of their expression over the course of hypoxia and reaeration revealed these ribosomal
proteins are downregulated to a similar level as in H37Rv:Rv1985c during hypoxia, but Rv1985c
induction is sufficient to drive their continued repression throughout reaeration. Interestingly, the
A1985c strain did not ablate ribosomal protein repression, potentially indicating redundant regulatory
mechanisms for these proteins’ transcription. Therefore, our current working hypothesis is that the
induction of Rv1985c is sufficient to continuously repress the transcription of the identified ribosomal
protein locus, and this in turn reduces ribosome availability in the reaeration response, preventing the
bacteria from resuming normal growth. This identification represents a novel regulatory mechanism for
ribosomal proteins in our MTB data sets, as we did not identify regulators associated with control of any

of the 50 total ribosomal proteins in our log-phase networks.

In the experiments depicted by figures 10 and 11, we tested whether a chromosomal knockout of

Rv1985c would possess a defect in either hypoxia/reaeration or the macrophage. Given that Rv1985c is
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strongly induced in response to hypoxia in the wild-type, we did hypothesize the knockout would carry a
hypoxic defect. In both macrophages and the hypoxia/reaeration time course the A1985c phenotype
was not significantly different from the control. This illustrates the potential importance of the regulons
identified in both our macrophage and hypoxia screens. While it is possible to illuminate gene
regulatory networks via gene disruption of the regulators, we hypothesized there were additional
regulators previous screens had missed, and that induction mutants would better preserve the networks
and elucidate more subtle, novel phenotypes. The lack of a phenotype in the knockout in both screens
in which Rv1985c induction drove a phenotype confirms this point and emphasizes the contributions

these regulons could potentially make to the field moving forward.

Future Work. An important biological question we have yet to answer in regard to Rv1985c is whether
the downregulation of the identified ribosomal proteins directly leads to reduced numbers or different
types of ribosomes. Direct quantification of ribosomes during reaeration in the Rv1985c induction
mutant is required to confirm the validity of our current hypothesis. More specifically, the ribosomal
proteins identified in Table 2 correspond both to different subunits and sites of protein synthesis within
the ribosomes. If the mechanism is not simply a lower number of total ribosomes, examination of the
availability of specific ribosomal subunits and protein translation efficiency and output may yield the

specific cause of the Rv1985c induction defect.

Additionally, we hypothesized the widespread ChIP-binding of Rv1985c was evidence of a context-
specific regulon. This was not necessarily the case with the ribosomal proteins, as RNA-seq revealed
they are slightly repressed during log-phase growth in the Rv1985c induction mutant. Therefore,
repression of these ribosomal proteins could be achieved without the hypoxic context —though it was to

a lesser degree. The E. coli ortholog of Rv1985c is predicted to bind arginine and lysine as cofactors, and
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a recent paper identified limited expression changes mediated by Rv1985c were dependent on

lysine®®73

. Experiments investigating whether the depletion or excess of the potential cofactors
mediated gene expression changes should be undertaken. Potentially, this could explain the
discrepancy between the magnitude of ribosomal protein repression between Rv1985c induction during

log phase and hypoxia. Additionally, there is the potential for a cofactor specific regulon to exist

separate from the ribosomal protein mechanism hypothesized here.

The failure of the knockout Rv1985c strain to ablate repression of the ribosomal protein locus implies
the existence of a hierarchy of regulation that can exert redundant function should one regulator be
lost. We proposed to clone the ribosomal protein locus of interest into our induction plasmid, and
transform this into the H37Rv:A1985c strain. Cross-linking followed by targeted pulldown of the
ribosomal protein locus in the absence of Rv1985c and sequencing of any bound regulators may
elucidate other regulators responsible for this key locus. It is possible the potential cofactors discussed
above could also contribute to the putative hierarchy of regulation. These pulldowns should also be
completed in the presence or absence of arginine and lysine in order to determine if cofactors

contribute to which regulator preferentially binds and exerts function.

Finally, further work should be undertaken to characterize the degree to which the CORR regulons
functionally organize the hypoxic response. Our current network of overlap with the enduring hypoxic
response is predicated on log-phase data. Transcriptomic analysis of each of the CORRs should be
undertaken during hypoxia and reaeration and mapped again to the hypoxia induced genes. This could
also potentially identify novel regulons not included in the enduring hypoxic response that are critical to

hypoxic adaptation.
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