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Abstract
by
Ronald Rodriguez
Doctor of Philosophy in Microbiology
University of California, Berkeley
Professor Sarah Stanley, Chair

The work presented here focuses on identifying and characterizing genetic determinants
of antibiotic sensitivity in Mycobacterium abscessus (Mabs), a non-tuberculosis
mycobacterial pathogen responsible for various human infections that are notoriously
difficult to treat with standard antibacterial therapy in clinical settings. Using bacterial
genetics and high-throughput DNA sequencing methods, we have identified genes
important for growth on amikacin and clarithromycin, two clinically relevant antibiotics
used to treat Mabs, and ethionamide (ETH), a second-line drug currently used for treating
multidrug-resistant tuberculosis infections. In chapters 1 and 2, | discuss the types of
infections caused by Mabs, notable risk factors associated with Mabs infections, its
epidemiology and transmission, and treatment options currently available. In chapter 3, |
specifically focus on antibiotic treatment of Mabs infections and provide an overview on
various antibiotic resistance mechanisms that are associated with treatment failure. In
chapter 4, | present data that examines the antibacterial activity of ETH alone and in
combination with clinically relevant antibiotics in vitro and in vivo. Furthermore, we present
sequencing data on MAB_2648c, which encodes for a transcriptional repressor that
confers ETH resistance. We demonstrate that Mab_2648c-dependent ETH resistance
requires the activity of MmpSL5, a putative membrane transporter whose function
remains unknown. In chapter 5, we attempt to identify the function of MmpSL5 and its
potential substrates. In conclusion, we show that ETH is slightly bactericidal against Mabs
in vitro and potentially in vivo, does not antagonize with clinically relevant antibiotics used
to treat Mabs infections, and identified a biological mechanism that confers ETH
resistance in Mabs. Future work should further examine the repurposing potential of ETH
against Mabs and identify compounds that may reverse ETH resistance in vitro and in
Vivo.
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Chapter 1. Clinical significance, prevalence, epidemiology, and transmission of
Mycobacterium abscessus (Mabs)

Clinical Significance, Prevalence, and Epidemiology of Mabs

Mycobacterium abscessus (Mabs) is an emerging bacterial pathogen associated with
non-tuberculosis mycobacteria (NTM), a group of more than 200 mycobacterial species
that exclude Mycobacterium tuberculosis (Mtb) and Mycobacterium leprae, the causative
agents of tuberculosis and leprosy, respectively (1). Mabs naturally occupies diverse
habitats, many of which include soil, aquatic environments, municipal water systems,
fomites, and surgical equipment in hospital settings (2). Environmental acquisition of
Mabs into a human host can result in a wide variety of infections, ranging from pulmonary
to soft and skin tissue infections (SSTIs) (3). In rare cases, Mabs may also cause
bacteremia and cerebral infections (4, 5). Pulmonary infections are the most common
type of infections caused by Mabs, representing 82% of pulmonary infections caused by
rapidly growing NTM species (6). Individuals suffering from bronchiectasis, chronic
obstructive pulmonary disorder (COPD), prior tuberculosis infection, and cystic fibrosis
(CF) are at high risk of establishing long-term infections following pulmonary exposure of
Mabs (7, 8).

In the United States (U.S), Mabs represents 2.6 — 13% of all NTM infections with an
estimated disease prevalence of 1.8/100,000 individuals, which is second after the
Mycobacterium avium complex (MAC) (7, 9). Most Mabs infections are found in the
southeast region of the U.S (3, 10, 11). The prevalence of Mabs infections in the U.S is
likely much higher than what is currently being reported since many states are not
required to report NTM infections and current diagnostics are limited in detecting Mabs
infections (12, 13). Pulmonary Mabs infections often display radiographic and structural
features that resemble those found in Mtb infections, which may further contribute to
underestimated disease prevalence (14-17).

In the past decade, Mabs infections has been found in other parts the world, largely in the
context of the cystic fibrosis (CF) population (18). CF is a hereditary condition commonly
found in infants that is characterized by a defective cystic fibrosis transmembrane
conductance regulator (CFTR) gene, resulting in a loss of chloride transport across
epithelial cell membranes (19). The inability to conduct chloride transport results in an
accumulation of respiratory mucus that serves as a nutritional source for many
opportunistic pathogens, some of which include, but are not limited to, Pseudomonas
aeruginosa, Staphylococcus aureus, MAC, and Mabs (18, 20).

CF represents a unique risk factor for the acquisition of Mabs infections, as CTFR plays
a specific role during Mabs infection, but not in the context of other mycobacterial
infections (18). Loss of CFTR leads to a reduction in neutrophilic chemotaxis, reduced
intracellular production of reactive oxygen species (ROS), and macrophage killing (18).
This lack of innate immunity ultimately results in an expansion of extracellular bacteria
and disease progression, which largely explains the susceptibility of the CF population to



long-term pulmonary infection (18). Pulmonary Mabs infections among the CF population
were first observed in the United Kingdom (U.K), where Mabs is the most common
pathogen causing NTM infections, representing 51.4% and 35.3% of all NTM cases in
England during 2014 and 2015, respectively (21, 22). Whole genome sequencing (WGS)
of Mabs isolates collected from several U.K CF clinics identified bacterial clones with a
high degree of genomic similarity, identified as clones sharing less than 20 single
nucleotide polymorphisms (SNPs) (23, 24). These clones, termed dominant circulating
clones (DCCs), have been found outside of the U.K and in other parts of the world,
including Asia, South America, and Australia (25-27). The appearance of DCCs in
different geographical regions has introduced controversy regarding the mechanism by
which Mabs is acquired and transmitted (2).

Potential Modes of Mabs Transmission

While Mabs infections were initially thought to be acquired from environmental sources,
the appearance of DCCs have introduced direct and/or indirect person-to-person
transmission as an alternative, or potentially dominant mode of Mabs acquisition (23).
DCCs initially identified among Mabs isolates circulating in CF populations have been
found in Japan and Taiwan, where CF is rare among pulmonary Mabs infections,
supporting the potential for person-to-person transmission (25, 28). Identifying the
predominant mode of Mabs transmission in a particular geographical region has been
challenging for several reasons. Although many studies have collected, analyzed, and
compared whole genome sequences of Mabs isolates, very few have been able to
establish the appropriate epidemiological and contact links to conclusively state that
person-to-person transmission is occurring within a geographical region (29). In
Germany, genomic sequences of Mabs isolates obtained from different CF patients were
significantly more diverse than those obtained from the same patient, suggesting that
person-to-person transmission in unlikely within this cohort (30). In Mabs isolates found
throughout Asia, genomic diversity among non-CF isolates is much broader than what
has been observed in CF populations, which also does not support person-to-person
transmission as the exposure route, but possibly environmental (29). However,
environmental sampling of Mabs near clinical settings where these infections have been
found remain limited, making it difficult to conclude that environmental exposure of Mabs
is the only or predominant source of transmission (31, 32). A case study in Australia was
able to establish a genetic association between Mabs in clinical settings and those found
in nearby environments, suggesting that environmental transmission is likely, although
the directionally of potential transmission was not confirmed (27, 33). It is possible that
Mabs exposure is due to a combination of environmental and patient exposure, but this
may largely depend on the geographical region, genomic potential for transmission, and
patient status (CF vs non-CF) (25, 30). Future case studies that equally address these
distinct factors should provide a clearer picture for the predominant mode of transmission.
Furthermore, this information will hopefully be critical in determining whether transmission
is representative of all clinical isolates worldwide or whether it is geography specific.




Chapter 2. Treatment of Mabs infections: Current therapeutics and potential
alternative approaches

Antibiotic Treatment of Mabs Infections

Treatment of Mabs infections involves combinatorial antibiotic therapy for a minimum of
12 months, which is only successful in approximately 30 — 50% of clinical cases primarily
due to patient intolerance and antibiotic resistance (34). Mabs is resistant to most
clinically relevant antibiotics, including most anti-mycobacterial agents that are used for
tuberculosis treatment (35). The antibiotic resistance profile of Mabs is unique in that the
bacteria can acquire resistance to clinically relevant drugs while also displaying innate
resistance (36, 37). This extraordinary level of drug resistance greatly contributes to
treatment failure and arguably makes Mabs one of the most dangerous multidrug-
resistant pathogens encountered in clinical settings, deeming Mabs “an antibiotic
nightmare” (37, 38).

While there is currently no standard drug-regimen used to treat Mabs infections, the
American Thoracic Society (ATS), British Thoracic Society (BTS), and the Infectious
Disease Society of America (IDSA) have recommended guidelines on what antibiotics
should be prescribed for treatment (39, 40). Patient-specific drug formulations and
durations will largely depend on culture conversions, antibacterial susceptibility testing of
collected isolates during treatment, and patient tolerance to specific antibiotics (41-43).
General recommendation guidelines include an initial treatment phase of intravenous
antibiotics for a minimum of four weeks: amikacin (aminoglycoside), tigecycline
(tetracycline), and imipenem (beta-lactam) in combination with either oral clarithromycin
or azithromycin (macrolides) (39, 40). A continuation phase of treatment consisting of
nebulized amikacin, either clarithromycin or azithromycin, and one to three additional
antibiotics is then recommended. Additional antibiotics may include linezolid
(oxazolidinone), clofazimine (anti-mycobacterial), minocycline (tetracycline), co-
trimoxazole (anti-folate), and moxifloxacin (fluoroquinolone) (39, 40). Antimicrobial
susceptibility testing is always recommended before antibiotic administration (39, 40).
The goal of antibiotic treatment is to maintain negative culture conversion for a minimum
of 12 months (39, 40, 42). However, this goal is rarely met (36.1% negative culture
conversion rate), primarily due to drug resistance and host toxicity (44, 45). When
antibiotic treatment fails, alternative therapeutic approaches must be considered (46).

Adjuvant surgery, surgical resection, and lung transplantation

Adjuvant surgery of infected sites together with combinatorial therapy may be available
to patients who demonstrate relapse, drug resistance, and persistent sputum positivity
(45). In the context of long-term pulmonary infections, lung transplantation is available,
although this approach should be performed with caution (45, 47). It is recommended that
culture negativity is achieved with confidence before lung transplantation is performed
due to the possible of bacterial transmission taking place during these procedures (45).
Depending on the severity of the infection, pulmonary Mabs infections may sometimes
serve as a contraindication to lung transplantation (45, 47). Administration of




immunosuppressive drugs such as cyclosporine, sirolimus, and tacrolimus following
transplantation is important to minimize allograft rejection (45, 48). However, this is often
problematic, as some antibiotics that are commonly used to treat Mabs infections,
specifically clarithromycin and azithromycin, are known to exhibit negative drug
interactions with these immunosuppressive agents, which may increase allograft rejection
(48). Attempting to increase the level of immunosuppression is an option, although this
may not always be ideal, as immunosuppression alone is one of the major risk factors
associated with long-term, disseminated Mabs infections (7). Transplant complications
can be detrimental for the host, primarily due to disseminated Mabs infections and
increased susceptibility to non-NTM bacterial infections, caused by pathogens such as
Pseudomonas aeruginosa, Aspergillus species, and Stenotrophomonas maltophilia (49—
52). Disseminated Mabs infections are very common in those infected with Mabs post-
transplantation, causing SSTI infections (52—54). In these cases, surgical resection of the
infected site is available in addition to combinatorial drug therapy (55).

Phage therapy

The use of lytic mycobacteriophages (phages), which are bacterial viruses that
specifically infect mycobacteria, has received considerable attention for treating different
types of Mabs infections (46, 56). Several case studies have demonstrated the clinical
utility of using lytic phage cocktails for successfully treating pulmonary and disseminated
Mabs infections (57—61). One case study involved the use of a three-phage cocktail for
treating a 15-year-old CF patient who was suffering from a disseminated Mabs infection
(61). Although the phage cocktail did not lead to complete bacterial clearance, clinical
improvement was seen upon page administration (61). In another case study involving
an 81-year-old individual suffering from non-CF associated bronchiectasis, macrolide
resistant, pulmonary Mabs infection, treatment with the same phage cocktail decreased
bacterial load in sputum samples over the treatment course but was ineffective long-term
due to the patient generating antibody responses against the phages (60). Bacterial load
was more effectively cleared using a nebulized phage-cocktail (59). Examining the utility
of phages in a larger case study consisting of 17 Mabs clinical isolates demonstrated
complete bacterial eradication in some infections (62). The use of phages in these
combined studies are well-tolerated with minimal phage-resistance occurring (58-62).
Phage therapy against Mabs infections provides several advantages, including providing
personalized treatment, target specificity, and easy administration (46, 56). Furthermore,
it has been observed that Mabs does not develop phage resistance to levels seen with
other bacterial pathogens such as P. aeruginosa and S. aureus, suggesting that phage
resistance may not be a major concern in the context of Mabs infections (58, 63, 64).
However, the emergence of neutralizing antibodies, costs of phage formulations, and lack
of clinical trials, currently impose limits on the progression and therapeutic success of
phage therapy against Mabs and should be addressed in the future (46).

Host-targeted therapy
Targeting cellular pathways that boost the immune response to Mabs infection and/or
inhibit the ability of the bacteria to proliferate intracellularly may represent an additional




avenue of research to generate novel, therapeutic strategies (46). While Mabs is primarily
considered an extracellular pathogen, forming biofilms in CF patients, it is also capable
of infecting innate immune cells like macrophages (65, 66). CFTR function negatively
impacts innate immune cell function in a manner that remains largely unknown, although
macrophages in the context of CF are thought to display excessive proinflammatory
signaling (67, 68). Loss of CFTR function also results in uncontrolled Mabs proliferation
(18). Therefore, therapeutic approaches that can boost innate immune cell function
against Mabs in the CF population, should be highly encouraged, particularly in those
who are immunocompromised (46, 69, 70). Many CF patients infected with Mabs are
often administered CF modulators in addition to antibacterial therapy (58, 71, 72). Among
the wide variety of CF modulators currently available for use in clinical settings (73), it
remains unknown whether they display direct antibacterial activity against Mabs and/or
may synergize with compounds that have been shown to improve immune function
against Mabs and should be explored.

Previous work has identified compounds known to target multiple host-defense pathways
that improve intracellular control of Mabs infections (46, 74—76). This is significant, as
there is currently no vaccine available for treating Mabs infections, which limits the ability
of host immune systems to control and clear these infections (46, 77). AR-12 is a
celecoxib derivative known to upregulate autophagy pathways in the context of
intracellular Salmonella enterica serovar Typhimurium and Francisella tularensis
infections (78, 79). AR-12 exhibits bactericidal activity against Mabs in vitro and in vivo at
concentrations that can be achieved therapeutically (74). More importantly, it is also
active against intracellular Mabs, which is difficult to achieve with clinically relevant
antibiotics targeting Mabs (74, 80). It will be interesting to determine if AR-12 can also
directly influence the host-response to Mabs infection, making it possible to develop a
“host-bacterium’ dual therapy in the future.

The peroxisome proliferator-activated receptor o (PPARa) is important in controlling
intracellular Mabs infections, as loss of PPARa in the context of Mabs leads to increased
inflammation and lower macrophage antibacterial responses (75). PPARa has been well
studied in the context of other infections, such as P. aeruginosa and M. tuberculosis,
where it is required for controlling bacterial replication and excessive inflammatory
responses (81, 82). Murine administration of gemfibrozil, a known PPARa agonist,
improved Mabs clearance while lowering inflammatory responses (75, 83). The biological
function of PPARa should be further evaluated for its therapeutic potential in controlling
Mabs infections in future work.

The phagocytic ability of innate immune cells may also be used to generate dual host and
bacterial-directed therapeutic approaches (84). Phagocytosis is an important innate
immune mechanism that engulfs bacterial pathogens to clear and remove them from an
infected host (85). Second lipid messengers are required for phagolysosome biogenesis
and maturation (86, 87). The use of liposomes containing phosphatidylinositol 5-
phosphate (PI5P) enhances the macrophage antibacterial response against Mabs in vitro



and in vivo by increasing phagosome acidification and ROS production (76). PI5P-
containing liposomes synergized with amikacin against Mabs under these conditions (76).
These findings may provide an avenue of therapeutic approaches aimed at simultaneous
targeting of both extracellular and intracellular Mabs.

Drug development, repurposing, and repositioning

Developing novel drugs that display antibacterial activity against Mabs both in vitro and
in vivo is highly desired, although this presents several challenges (88-92). Drug
development is slow and costly, as it takes approximately 10-15 years of laboratory
research and 0.8-2.5 billion dollars to introduce a potential drug candidate into a product
that can be tested in clinical trials (93). Furthermore, the rate of drug resistance
development far outpaces drug development efforts. Only 30-40 novel antibiotics are
currently in clinical trials and over 75% of drugs in clinical development pipelines display
novel mechanisms of action against drug-resistant bacterial pathogens (94-96).
Unfortunately, the correlation between in vitro and in vivo activity of novel drug candidates
is poor (97). Many of these challenges can be overcome by repurposing and repositioning
of existing drug candidates (98, 99).

Drug repurposing refers to incorporating drugs that have been used in clinical settings
and/or have been approved by the Food and Drug Administration (FDA) into novel drug
regimens (98). Drug repositioning refers to chemical optimization of clinical and FDA
approved drugs (99). These drugs have pharmacologically validated targets, which
circumvents the high cost associated with developing new approval pipelines for drugs
that do not have validated targets (93, 99). There are several examples of repurposed
drug efforts in the context of Mabs infections (100). These drugs are active against Mabs
in vitro and include bedaquiline (used in the treatment of multi-drug resistant Mib),
tedizolid (used in the treatment of bacterial skin infections), and avibactam (used in the
treatment of urinary tract infections) (101-109). It remains to be determined if these drugs
will be incorporated into regimens currently used for treating different types of Mabs
infections.

Additional examples of drug repositioning efforts against Mabs include rifabutin (rifamycin
class) and thiacetazone (anti-mycobacterial) (110—-114). Rifabutin is associated with the
rifamycin class of antibiotics that target the bacterial RNA polymerase (115, 116).
Rifabutin is structurally similar to rifampicin, which exhibits low potency against Mabs
(111, 117, 118). However, rifabutin, which lacks the hydroquinone group present in
rifampicin, is much more active against Mabs (MICs: > 100 mg/L for rifampicin versus 6.3
mg/L for rifabutin) and synergizes with clinically relevant drugs currently used against
Mabs, demonstrating repositioning potential (110, 111, 113, 119, 120). Thiacetazone, a
mycolic acid inhibitor previously used to treat tuberculosis infections but has been
discontinued due to host toxicity, exhibits low activity against Mabs (MIC: > 200 ug/ml)
(114, 121-124). Derivatives of thiacetazone are more active than the parent compound
(MIC: 3.1 pug/ml for the D15 derivative) in both non-CF and CF isolates of Mabs (114).



These data indicate that thiacetazone may provide novel drug candidates that can be
used to target Mabs in clinical settings.

Large chemical libraries containing structurally diverse compounds have been screened
against Mabs (125-127). Many of these compounds, which are known to target host
pathways, display activity against Mabs in vitro (127). Future work should explore the in
vivo activity of these candidates, potential toxicities, and whether they display any
repurposing/repositioning potential.



Chapter 3. Resistance mechanisms associated with clinically relevant and non-
clinically relevant antibiotics

The genome of Mabs contains genes encoding for antibiotic modifying and degrading
enzymes, target modifying enzymes, and putative efflux pumps that are thought to confer
intrinsic resistance (Fig. 3.1) (36, 128—130). Mabs is also capable of acquiring mutations
in genes that confer high-level resistance to aminoglycosides and macrolides (Fig 3.1)
(131, 132). While deletion of many of these genes alters antibiotic susceptibility, there are
many other genes that may confer drug resistance, although the function of these genes
remains unknown (129).

Amikacin

While in vitro susceptibility testing indicate that Mabs is sensitive to amikacin, resistance
to amikacin is commonly observed in laboratory and clinical settings. Deletion of eis2
(MAB_4532) confers sensitivity to amikacin (MICs: 2 ug/ml for WT Mabs compared to
0.25 pg/ml for Aeis2 Mabs), suggesting that eis2 is important for intrinsic resistance
against amikacin (133). eis2 (enhanced intracellular survival 2) encodes for an
acetyltransferase that has been shown to modify various aminoglycoside antibiotics by
transferring an acetyl moiety from acetyl coenzyme A to the amine group of an
aminoglycoside, reducing the affinity of the chemically modified drug for the ribosome
(134, 135). The crystal structure and biochemical function of Eis2 from Mabs is consistent
with what has been observed with acetyltransferases in other biochemical systems, in
which it can modify a wide variety of aminoglycoside antibiotics aside from amikacin
(136). The genome of Mabs also encodes for eis1 (MAB_4124), although unlike eis2,
deletion of eis1 does not enhance amikacin sensitivity (133). Whib7 (MAB_3508c) is a
transcriptional factor that confers resistance to amikacin and other ribosome-targeting
antibiotics, including macrolides (137). Exposure to amikacin induces transcriptional
induction of eis2 in a Whib7-dependent manner. Furthermore, deletion of whib7 confers
amikacin sensitivity (MICs: 8 pug/ml for WT Mabs compared to 2 ug/ml for Awhib7 Mabs)
(137). Finally, high-level amikacin resistance is typically associated with mutations in the
16S ribosomal RNA gene, rrs (MAB_r5051) (131). Mutations C1409T (MIC: 64 ug/ml),
T1498A (MIC: 256 ug/ml), and A1408G (MIC: > 256 ug/ml) within rrs have been observed
in clinical isolates of Mabs exposed to amikacin (131).

To identify novel, genetic determinants of amikacin (AMK) sensitivity, we performed a
genetic screen using a transposon library of Mabs exposed to amikacin (138). We
identified transposon insertions in MAB_2217 (ssuB), encoding the ATP-binding subunit
of a sulfonate ABC transporter that resulted in AMK sensitivity (approximately 5-fold
decrease in transposon reads) (Fig. 3.2 A-B). Sulfonate (SO?) is part of a larger family of
ATP binding cassette (ABC) membrane proteins that transport sulfonate and sulfate
esters (139). In mycobacteria, sulfate is essential for virulence, the biosynthesis of sulfur-
containing amino acids (methionine and cysteine), redox homeostasis, and the
generation of iron-sulfur (Fe-S) clusters (140—-143). Whib7 contains a Fe-S cluster that is
required for transcriptional activation of target genes (144). We hypothesized that in the



presence of amikacin, SsuB is required for transporting sulfate into cell, which is then
used for Fe-S cluster production that ultimately activates Whib7 to promote growth on
amikacin. Therefore, the absence of ssuB leads to amikacin sensitivity because Whib7 is
nonfunctional. However, in contrast to our TnSeq data, clean deletion of ssuB did not lead
to amikacin sensitivity in rich media or minimal media without sulfate supplementation
(Fig. 8.2 C). The discrepancy for this remains unknown, although it is possible that loss
of ssuB alters susceptibility to amikacin only when grown in competition with other
transposon-insertion mutants (145).

Clarithromycin

Accurate assessment of clarithromycin susceptibility is critical for the outcome of drug
treatment against Mabs infections (146). Taxonomically, Mabs is composed of three
subspecies (M. abscessus subspecies abscessus, M. abscessus subspecies
massiliense, and M. abscessus subspecies bolleti) (147, 148). Clarithromycin
susceptibility differs among subspecies, in which M. massiliense is more susceptible to
clarithromycin compared to Mabs, as determined by the erm41 (MAB_2297) locus, which
encodes an erythromycin methylase that confers inducible resistance to clarithromycin
(149, 150). It is predicted that Erm41 methylates adenine 2058 on the 23S rRNA gene
(rrl, MAB_r5052), which reduces the affinity of the 23S rRNA for clarithromycin (129, 150,
151). M. massiliense contains a T28C sequevar in erm41, which produces a truncated
form of erm41 and therefore, is susceptible to clarithromycin (149). This sequevar is not
present in Mabs and thus, erm41 is fully functional (150). Like Mabs, M. bolletii also
contains a fully functional erm41 locus that confers clarithromycin resistance, although
this is less concerning, as M. bolletii causes fewer infections compared to Mabs and M.
massiliense (150, 152, 153).

Distinguishing between Mabs and M. massiliense in clinical settings is crucial, as this will
dictate whether clarithromycin should be administered (150). In cases where infections
associated with M. massiliense has been confirmed, clarithromycin should be
administered, and is associated with improved treatment outcomes (41). However, in
cases Where Mabs is the subspecies detected, clarithromycin is associated with treatment
failure, due to inducible and acquired drug resistance (41). Clarithromycin should be
substituted with azithromycin in confirmed cases of Mabs, if possible (154). Fourteen days
of clarithromycin exposure induces expression of erm41 (inducible resistance) compared
to azithromycin, which is a weaker inducer of erm41 (154). In Mabs cases where
clarithromycin susceptibility is observed upon initial infection, inducible resistance should
always be examined after 14 days of drug treatment using clinical standards of
susceptibility testing and measuring erm41 expression levels (154).

Acquired resistance (MIC: > 512 ug/ml) to clarithromycin is commonly observed in clinical
isolates of Mabs, which involves adenine to guanine mutations in the rrl sequence
(A2058G or A2059G) (132). Whib7 confers cross-resistance to clarithromycin, as
inhibitory clarithromycin exposure induces expression of whib7 (137). Furthermore,
Whib7 is required for transcriptional induction of erm41 (137). These two drugs behave



antagonistically when used in combination and is thought to contribute to initial treatment
failure (155).

Beta-lactams, tetracycline, doxycycline, and rifampicin

Aside from imipenem (carbapenem) and cefoxitin (second generation cephalosporin),
Mabs is highly resistant to all other beta-lactam drugs, primarily due to a broad-spectrum
beta-lactamase (bla, MAB_2875) that is capable of hydrolyzing various beta-lactam
antibiotics (penicillins, monobactams, and penems sub-classes) (156). Deletion of bla
confers sensitivity to many beta-lactams (106). Bla_Mab is also capable of hydrolyzing
imipenem and cefoxitin, although the kinetics of hydrolysis is much slower compared to
other beta-lactams (156). Beta-lactams irreversibly bind to transpeptidases, enzymes that
catalyze the production of short peptides which ultimately become incorporated into the
peptidoglycan (PG) layer (157). This binding inhibits the enzymatic activity of
transpeptidases and consequently inhibits the production of PG (157). The PG layer of
Mabs is primarily composed 3—3 L,D-transpeptides, catalyzed by L,D-transpeptidases
(LDTs), which are preferentially targeted by carbapenems and cephalosporins (158, 159).
Other subclasses of beta-lactams preferentially target D,D-transpeptidases (160, 161).
The abundance of L,D-transpeptides in Mabs may explain why they are resistant to most
beta-lactams. Other potential mechanisms of beta-lactam resistance in Mabs include low
cell wall permeability and cell wall porins (37, 162, 163). Despite this extraordinary level
of beta-lactam resistance, beta-lactamase inhibitors are active against Mabs. Avibactam,
a non-beta lactam, beta-lactamase inhibitor, synergizes with many beta-lactams against
Mabs and is currently being further evaluated for its repurposing potential (105-107, 164).

Mabs possesses TetX (MAB_1496c), a tetracycline-modifying monooxygenase that
catalyzes the mono-oxidation of tetracycline and doxycycline, but not tigecycline,
rendering these antibiotics inactive (165). Deletion of tetX confers sensitivity to
tetracycline and doxycycline (~ 20 fold-greater sensitivity) (165). Tetracycline exposure
induces expression of tetX through the direct binding of tetracycline to a transcriptional
repressor (Mab_1497), which alleviates transcriptional repression of tetX (165). This
transcriptional activation occurs in a Whib7-dependent manner (137, 165).

An additional example of antibiotic modification in Mabs has been demonstrated in
rifampicin, a member of the rifamycin class of drugs that target RNA polymerase, thereby
inhibiting transcription (115, 116). In Mtb, the acquisition of mutations (Ser531Leu) in the
rpoB subunit of RNA polymerase confer resistance to rifampicin (166, 167). These
mutations are not present in Mabs, suggesting that other mechanisms of resistance are
present (168). It is speculated that Mabs inactivates rifampicin through ADP-ribosylation
using Arr_Mab (arr, MAB_0591), which encodes for an ADP-ribosyl transferase (129,
130, 169). ADP-ribosylation is a chemical modification involving the addition of an ADP-
ribose group to another chemical moiety and is associated with diverse cellular processes
(169). In Mabs, deletion of arr confers sensitivity to rifampicin (MICs: 128 pg/ml for WT
Mabs and 0.25 ug/ml for Aarr Mabs) and other members of the rifamycin class, including
rifapentine and rifaximin (168).
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Figure 3.2. SsuB is not required for AMK resistance. (A) Transposon read densities
(red lines) in MAB_2217 (ssuB) with and without AMK treatment (8 ug/ml). Black lines
represent all possible insertion sites (B) Fold change in the abundance of MAB_2217
(ssuB) transposon (Tn) reads in the presence of AMK compared to untreated bacteria.
(C) WT and AssuB Mabs were exposed to a two-fold dilution series of AMK in PB minimal
media (1.5% v/v glycerol, 0.05% Tween-80, 0.5% asparagine, 0.2% magnesium citrate,
0.5% dibasic potassium phosphate, pH 7) with and without 0.06% magnesium sulfate in
96 well plates. For sulfate starvation experiments, magnesium sulfate was substituted
with 0.048% magnesium chloride Bacterial growth measured by recording optical
densities at 600nm. p < 0.05 (*).
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Chapter 4. Mab_2648c-dependent transcriptional regulation of mmpSL5
contributes to ethionamide resistance in Mabs

Abstract

Ethionamide (ETH), an inhibitor of mycolic acid biosynthesis, is currently utilized as a
second-line agent for treating multidrug resistant tuberculosis infections. Here, we show
that ETH displays mildly bactericidal activity against clinical strains of Mabs both in vitro
and in vivo at concentrations that are > 100x lower than other mycolic acid targeting
drugs. Using transposon mutagenesis followed by sequencing (Tn-Seq) and whole
genome sequencing of spontaneous ETH-resistant mutants, we identified MAB_2648c
as a genetic determinant of ETH sensitivity in Mabs. MAB_2648c encodes for a MarR
transcriptional repressor associated with the TetR family of transcriptional regulators. We
show that MAB_2648c represses expression of MAB_2649 (mmpS5) and MAB_2650
(mmpLb5). Further, we show that de-repression of these genes in MAB_2648c mutants
confers resistance to ETH, but not other antibiotics. To identify determinants of resistance
that may be shared across antibiotics with distinct mechanisms of action, we also
performed Tn-Seq during treatment with amikacin and clarithromycin, drugs currently
used clinically to treat Mabs. We found very little overlap in genes that modulate the
sensitivity of Mabs to all three antibiotics, suggesting a high degree of specificity for
resistance mechanisms in this emerging pathogen.

Introduction

In the context of CF, Mabs shares its ecological niche with other bacterial pathogens,
such as Pseudomonas aeruginosa (170). When co-cultured, amikacin treatment that
inhibits P. aeruginosa biofilm development provides a growth advantage for Mabs under
these conditions, highlighting the importance of considering interspecies interactions
during antibiotic treatment in vivo (171). An attractive approach that may boost the
specificity of antibiotic treatment against Mabs is to rationally design regimens that
incorporate antimycobacterial agents, since many antibiotics that are currently used
against Mabs in clinical settings, such as amikacin and imipenem, are not pathogen
specific (172, 173). Anti-mycobacterial drugs provide the advantage of developing highly
specific regimens that should be more selective at diminishing bacterial populations
enriched with Mabs, even in polymicrobial environments (174). The potential
incorporation of anti-mycobacterial agents in regimens used against Mabs has already
received considerable attention (114, 175, 176). Clofazimine and bedaquiline, which
induce the production of reactive oxygen species and inhibit ATP synthesis in
mycobacteria, respectively, are active against Mabs when combined with other
compounds (101, 177-179). These drug combinations are currently being considered for
use in clinical trials against Mabs (175, 176, 180, 181).

Among anti-mycobacterial agents with clinical relevance, those that target mycolic acid
biosynthesis should be further explored for repurposing potential against Mabs, since
mycolic acids are unique to Mabs in most pulmonary infections that are ecologically
shared with other phylogenetically diverse bacterial pathogens (170, 174). Mycolic acids
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are known to play critical roles in the pathogenesis, virulence, and impermeability of
mycobacteria (182—-185). They consist of a-branched and 3-hydroxylated long-chain fatty
acids ranging from 60-90 carbons in length and consist of most of the mass associated
with the mycobacterial outer membrane, also known as the mycomembrane (Fig 4.1)
(184, 186). The alkyl chains of these fatty acids can be modified via hydroxylation,
methoxylation, cycloproponation, and ketonation (184). In many mycobacterial species,
the impermeability of the mycomembrane depends in large part on the presence of these
modifications (184, 187—190). However, Mabs completely lacks these modifications and
only synthesizes unmodified a- and truncated a’-mycolic acids (191).

The biosynthesis of mycolic acids relies on two distinct fatty acid synthase (FAS) systems.
The first, “eukaryotic-like” system, FAS-I, produces most acyls in the cell, with chain
lengths ranging from 16 to 26 carbons (184, 192, 193). To reach the extremely long chain
lengths that define the meromycolate chain of a mycolic acid, these 16-26 carbon chains
are elongated by the second, “prokaryotic-like” system, FAS-Il (184, 194). Once the
meromycolyl chain has reached its mature length (50-62 carbons), it can be functionalized
through the action of a variety of enzymes (184). This meromycolyl chain is then
condensed with a shorter, 26-carbon acyl-coenzyme A produced by FAS-I to produce a
mycolyl-B-keto-ester, which is then reduced and covalently linked to trehalose, creating a
trehalose monomycolate (TMM) (184, 195). TMMs are then transported across the inner
membrane into the periplasmic space by the membrane transporter MmpL3 (184, 196).
TMMs are localized to the inner leaflet of the mycomembrane by the antigen 85 complex,
which transfers the mycolyl group from TMM to the periplasmic-bound arabinogalactan
layer (184, 197).

The mycolic acid biosynthetic pathway has allowed for the development of anti-
mycobacterial agents that target chemical reactions in both the FAS-I and FAS-II complex
(184), some of which demonstrate promising potential against Mabs. Indole-4-
Carboxamides, a subclass of anti-mycobacterial drugs that target MmpL3, are active
against Mabs both in vitro and in vivo (198—203). Chemical derivatives of thiacetazone,
an inhibitor of the HadABC dehydratase complex associated with the FAS-Il complex, are
active against Mabs in vitro (114, 124). Furthermore, PIPD1, a piperidinol derivative, is
active against Mabs in vitro through direct targeting of Mab_4508, an MmpL3 homologue
(204).

Ethionamide (ETH) is a second-line mycolic acid inhibitor currently used to treat drug-
resistant infections associated with Mtb (205). ETH inhibits mycolic acid biosynthesis in
Mtb by targeting the NADH-dependent enoyl ACP reductase InhA (Rv1484) (FAS-II
complex) (Fig 4.2) (206). Before inhibition takes places, ETH requires activation by ethA
(Rv3854c), a flavin-containing monooxygenase, that covalently links NAD to ETH (ETH-
NAD) (Fig 4.2) (207, 208). ETH-NAD acts as a competitive inhibitor by competing with
NADH for binding in the active site of InhA (Fig 4.2) (208). ETH resistance is common
among Mib clinical isolates (209). Mutations in the fabG-inhA regulatory region (g-17t and
c-15t) confer resistance by upregulating inhA expression, thereby reducing the efficacy
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of ETH (206). Furthermore, mutations in ethA reduce ETH bioactivation, conferring
resistance (206). Mechanisms of antimycobacterial resistance against Mabs, including
ETH, remains poorly understood.

While past studies have been able to identify genes that are important for growth on
antibiotics and those that confer resistance, we still lack a completing understanding on
how the products of these genes confer sensitivity or resistance. There is genetic
evidence that Mabs can modify and efflux antibiotics using phosphotransferases,
acetyltransferases, and transport proteins, although additional evidence for some of these
mechanisms are necessary (114, 129, 150, 168). Furthermore, about 40% of Mabs
genome remain unannotated and may harbor genes that are important for developing
drug resistance (129, 130, 210, 211). To expand on the genetic evidence currently
available and identify novel genes that can broaden our understanding on antibiotic
resistance in Mabs, we utilized transposon mutagenesis followed by sequencing (TnSeq)
to examine growth on antibiotics on a whole-genome level.

TnSeq is a powerful tool that allows for identifying genes important for bacterial growth
under any condition in a high-throughput manner (212). A transposon is introduced into
a desired bacterial species using a suitable DNA delivery system. Once a transposon is
inserted into a gene important for growth under a specific condition, the function of that
gene will be disrupted and bacteria carrying those insertions will be depleted from the
mutagenized population. Conversely, insertions that confer a growth advantage will select
for bacteria containing those specific insertions (213). ThSeq can also be used to help
identify an essential genome, as genes that are essential for normal growth conditions
will not contain transposon insertions (214, 215). To identify where the insertions are
located, genomic DNA is prepared from libraries grown under specific conditions.
Transposon-enriched DNA junctions are amplified on a high-throughput sequencing
platform and then reads are mapped to a reference genome to identify the genomic
positions of the insertions (212—-215). TnSeq has been previously used to identify genes
important for growth in the presence of antibiotics in Pseudomonas aeruginosa,
Staphylococcus aureus, and Mycobacterium avium (216—218). Although a TnSeq library
has been previously generated in Mabs (219-222), we have been able to generate a
library containing approximately 80,000 unique transposon insertions in comparison to
approximately 51,000 unique insertions, which allows us to identify more genes
associated with antibiotic exposure (138). Further, to the best of our knowledge, we are
the first to test a TnSeq library in Mabs in the presence of clinically relevant antibiotics
(138). Here, we identified transposon mutants that display both growth defects and growth
advantages when exposed to amikacin (AMK), clarithromycin (CLR), and ETH (138).

An alternative and more common approach for identifying genes associated with growth
on antibiotics involves isolation of spontaneous drug-resistant mutants followed by whole
genome sequencing (WGS) (223). This approach has been used to identify genes that
confer resistance to a wide variety of antibiotics and their cellular targets (223—-225). In
Mabs, numerous studies have identified spontaneous mutations in genes encoding for
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transcriptional regulators that confer resistance to anti-mycobacterial agents (114, 226).
MmpL3, the cellular target of PIPD, a piperidinol derivative, was identified using WGS
(204). In addition to TnSeq, we also utilized WGS to identify genetic determinants of ETH
sensitivity (138).

Results

Construction and characterization of a transposon library in Mabs. To enable
genetic screening in Mabs we constructed a transposon mutant library in WT Mabs ATCC
19977 by packaging the Himar1 transposon in phage ®MycoMarT7 followed by bacterial
transduction (227). We chose this strain since it has a fully sequenced genome and is
genetically tractable (130, 228). To determine the location and abundance of transposon
insertions in the resulting library, we collected genomic DNA and sequenced the
transposon junctions (229, 230). We obtained approximately 80,000 unique transposon
insertions in non-essential genes. We were not able to obtain insertions in 376 genes,
suggesting that these genes are essential. Of these genes, 183 overlapped with a
previous study that identified essential genes in Mabs using TnSeq (221). Using only
genes identified as essential in our study, 193 genes in Mabs overlaps with the essential
genome of Mitb (Fig. 4.3B). In Mabs, genes associated with translation, ribosomal
structure, and biogenesis was the most represented cluster of known orthologous group
(COG) category among those without insertions (Fig. 4.3A). Overall, the trends in COG
categories were similar when comparing Mtb and Mabs (Fig. 4.3A). As expected, genes
encoding components of mycolic acid biosynthesis were predicted to be essential (Insert
the data as Table 4.3).

Mycolic acid inhibitors are largely ineffective against Mabs, although ETH activity
displays promising repurposing potential. To test antimicrobial activity of mycolic acid
inhibitors against Mabs, we determined the minimum inhibitory concentration (MIC) of
representative mycolic acid inhibitors: isoniazid (INH), thiacetazone (THZ), and ETH (114,
124, 206), against WT Mabs. We chose INH and ETH because they possess clinical
relevance in the context of Mitb and their mechanism of action has been extensively
studied (206, 209, 231). The MICgo for INH (1.25 mg/ml) and THZ (> 500 pg/ml), are much
higher than those commonly observed with drug sensitive Mtb and are above standard
clinical breakpoints (Fig 4.4 A-B, Table 4.1) (232, 233). We did not observe complete
growth inhibition with the THZ concentrations tested which is consistent with previous
work that has reported THZ is largely ineffective against Mabs (114). The high-level of
intrinsic resistance displayed by Mabs to these agents is a major reason why they are not
used in clinical settings where Mabs infections are observed. Interestingly, the ETH MICog
(8 ng/ml) suggests that this drug is at least 100x more potent than THZ or INH against
Mabs in vitro (Fig 4.4 C) (234). Indeed, we found that ETH at this concentration displays
mildly bactericidal activity against Mabs in vitro and in vivo using GM-CSF knockout mice
(GM-CSF) (Fig 4.4 D-E). GM-CSF has been used as a model to examine Mabs growth
in vivo, since the absence of GM-CSF results in rapid bacterial growth in comparison to
WT mice (235—-237). Interestingly, we did not observe ETH resistance in vivo after 5 days
of drug treatment (Fig. 4.5).
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Importantly, the ETH MIC of 9 clinical isolates tested were close to our WT ATCC 19977
strain, suggesting that relative sensitivity to ETH may not be a unique feature of a single
strain (Fig. 4.4 F). This is contrast to what has been observed with other clinical isolates
of Mabs, in which the ETH MIC ranged from 16 — 256 ug/ml (238). Therefore, the degree
of ETH activity observed here against Mabs observed here may be not representative of
all clinical isolates that may also display acquired resistance to ETH.

Whole genome sequencing of ETH-resistant bacteria identifies mutations in
MAB_2648c. In Mtb, ETH resistance in drug-resistant clinical strains is often conferred
by mutations in ethA or inhA (206). To identify mutations that confer resistance to ETH in
Mabs, we generated spontaneous resistant mutants by plating wild-type (WT) bacteria on
solid media containing 2 and 3X the agar MIC of ETH for Mabs, concentrations just below
the maximum aqueous solubility of ETH (0.48 mg/ml) (Fig. 4.12 A) (239). Three resistant
isolates (R128, R150, and R200) were selected for further analysis. First, to validate that
the isolated mutants were indeed ETH resistant, we exposed WT and mutant bacteria to
a two-fold dilution series of ETH in broth. We found that the mutants were approximately
8-fold more resistant (MICs: 8 ug/ml in WT and 64 pug/ml in R128, R150, and R200) to
ETH than WT. To identify the genetic basis for resistance, we performed whole genome
sequencing of R128, R150, and R200 (Fig. 4.12 A). Only one mutation was identified that
was present in mutant bacteria but not in WT, consisting of a GC dinucleotide deletion in
MAB_2648c at nucleotide positions 354 and 355. This deletion alters the reading frame
of MAB_2648c, introducing a premature stop codon at amino acid position 105
(Mab_2648c Asn105Stop) - which was confirmed with sanger sequencing of PCR-amplified
MAB_2648c. MAB_2648c encodes for a putative marR (multidrug associated resistance
regulator) transcriptional regulator that represents a subtype of TetR transcriptional
regulators, many of which have been associated with resistance to functionally diverse
antibiotics in different bacteria (240). Introducing an integrative copy of WT MAB_2648c
in the spontaneous mutants restored ETH sensitivity (Fig. 4.4 G). Many clinical isolates
of Mtb that display acquired resistance to ETH are cross-resistant to INH due to mutations
in the promoter of inhA (241). Our isolated MAB_2648c mutants do not have increased
resistance to INH relative to the parental WT strain (Fig. 4.12 B-D).

Transposon insertions in MAB_2648c confer a growth advantage in the presence
of ETH. To more systematically identify additional genes that modify the efficacy of ETH
against Mabs, we screened mutants in our transposon (Tn) library for changes in growth
in the presence of a subinhibitory ETH concentration (Fig. 4.6 A, 4.13 A). The Tn library
was cultured in the presence of ETH for 24 hours, at which time surviving bacteria were
plated on agar plates. DNA was prepared from resulting colonies and transposon gene
junctions were amplified and sequenced as previously described (229, 230); changes in
transposon abundance after ETH exposure were analyzed using TRANSIT (230). We
identified 208 genes as potential modulators of susceptibility to ETH using a two-fold
change cutoff and a p-value of < 0.05. Among genes with annotations, those associated
with transcription were the most abundant, representing approximately 9% of the
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identified hits. (Fig. 4.13 B). Interestingly, mutations in two of the three ethA homologs in
Mabs seemed to confer resistance in the screen (Fig. 4.6 A), suggesting that multiple
monooxygenases may contribute to ETH activation in Mabs.

In agreement with our data from the generation of spontaneous resistant mutants, we
found that bacteria carrying insertions in MAB_2648c were approximately five-fold more
abundant in the presence of ETH (Fig. 4.6 A-B). To validate these findings, we
constructed a deletion mutant of MAB_2648c (AMAB_2648c) and examined growth in the
presence and absence of ETH. We found that AMAB_2648c was approximately 8-fold
more resistant to ETH compared to WT bacteria (MICs: 8 ug/ml for WT and 64 ng/ml for
AMAB_2648c) (Fig. 4.6 C). Thus, using two independent methods, we show that loss of
MAB_2648c function leads to ETH resistance. Deletion of MAB_2648c did not confer
resistance to any other antibiotic tested, including INH and THZ (Fig. 4.6 D-E) (Table 4.1).
This result is surprising, as in other bacteria, including E. coli (single MarR regulator) and
P. aeruginosa (13 MarR regulators), loss of MarR activity confers resistance to a diversity
of antibiotics (242—244).

Mab_2648c negatively regulates expression of mmpS5-mmpL5 and contributes to
ETH resistance. TetR regulators often negatively regulate expression of target genes
that are transcribed divergently from the regulator, separated by an intergenic region of
approximately < 200 base pairs (bp) (240). The genes MAB_2649 (mmpS5) and
MAB_2650 (mmpL5) are in a putative operon located 369 bp upstream of MAB_2648¢c
(Fig. 4.7 A). Mutations in TetR regulators often lead to upregulation of mmpS and mmpL
genes, which contribute to clofazimine, bedaquilline, and THZ resistance in Mabs (114,
226). We hypothesized that mmpS5 and mmpL5 contribute to ETH resistance, and that
in WT bacteria, their expression is repressed by Mab_2648c. To address this hypothesis,
we first measured expression levels of mmpS5 and mmpL5 by qRT-PCR in WT and
AMAB_2648c bacteria. Regardless of the presence of ETH, expression levels of mmpS5
were upregulated > 80-fold in AMAB_2648c compared to WT bacteria (Fig. 4.7 B). A
similar trend was observed for mmpL5 (Fig. 4.7 C). The addition of ETH to bacterial
cultures alone did not affect expression of mmpS5 (Fig. 4.7 D) or mmpL5 (Fig. 14.7 E) in
WT bacteria, suggesting that Mab_2648c activity is not directly regulated by ETH. To
determine whether upregulated expression of mmpS5 and mmpL5 in AMAB_2648c
contribute to ETH resistance, we overexpressed both genes in WT bacteria under an
anhydrotetracycline (ATc) inducible promoter (245) and examined bacterial growth in the
presence of ETH. Overexpression of mmpS5 and mmpL5 increased the ETH MIC (> 16
ug/ml) compared to bacteria not induced with ATc (Fig. 4.7 F). These data suggest that
upregulation of mmpSL5is responsible for the ETH resistance phenotype observed in the
absence of Mab_2648c. To corroborate this finding, we investigated the contribution of
mmpS5 and mmpL5 to ETH resistance in Mab_2648cAs"105Stop hacteria. In agreement
with our AMAB_2648c qPCR data, we also found that mmpSL5 expression is upregulated
in Mab_2648cAsn105Stop hacteria compared to WT bacteria (Fig. 4.14 C-F). Deletion of
mmpSL5 (AmmpSL5) in this background sensitized bacteria to ETH at least four-fold
compared to Mab_2648cAsn105Stop hacteria (MICs: 4 ug/mlin AmmpSL5 and > 16 ug/mlin
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Mab_2648cAsn105Stop hacteria) (Fig. 4.7 G). These results suggest that the loss of
Mab_2648c activity leads to upregulation of mmpSL5, whose activity ultimately provides
ETH resistance.

ETH treatment with CLR or AMK suppresses the emergence of resistant mutants.
Because Mabs infections are never treated with sole antibiotic regimens (7), we next
tested whether ETH synergizes with commonly prescribed antibacterial agents. We
tested ETH in combination with three front line drugs for treating Mabs infections that are
representative of antibiotics with different mechanisms of action: amikacin (AMK,
aminoglycoside), clarithromycin  (CLR, macrolide), and moxifloxacin (MFX,
fluoroquinolone). We chose to test ETH in combination with these antibiotics at
concentrations representative of clinically achievable levels (246—-248). Treatment with
ETH or MFX alone resulted in mildly bactericidal activity during the first 2 days of
treatment (Fig. 4.8 A). However, after day 2 bacteria grow in the presence of either
antibiotic (Fig. 4.8 A), likely due to the emergence of resistant mutants. Although we did
not observe either synergy or antagonism at early timepoints of treatment with ETH and
MFX after 2 days of treatment, there was extensive bacterial growth after day 2, even in
the presence of both antibiotics (Fig. 4.8 A). Similar to MFX, treatment with AMK or CLR
alone resulted in the rapid emergence of resistant mutants. However, the combination of
ETH with either AMK or CLR prevented the outgrowth of bacteria that occurred after 2
days of treatment with single agents (Fig. 4.8 B-C). These data suggest that while synergy
was not observed, ETH may have the potential to delay resistance emergence to
antibiotics used against Mabs.

To determine if ETH can indeed suppress resistance emergence to AMK, CLR, and MFX,
we measured the MIC of each antibiotic at 0, 2, 5, and 7 days of combinatorial treatment.
We found that AMK and MFX resistance emerged after 5 and 2 days of ETH treatment,
respectively (Fig. 4.9 A, E). Interestingly, we did not observe resistance emergence to
CLR at any of time points examined (Fig. 4.9 C). ETH resistance emerged after 2 days of
MFX exposure, whereas this occurred after 5 days of AMK and CLR exposure (Fig. 4.9
B, D, F). The significance of these resistance patterns remains unknown since we did not
include single drug treatments in these experiments. Future experiments should
specifically compare the rate of resistance emergence to CLR in the presence and
absence of ETH, as our data suggest that ETH may delay or suppress CLR resistance,
which may be clinically relevant.

We also tested whether ETH is capable of synergizing with small molecules that are
capable of reversing ETH resistance. SMARt-420 is a spiroisoxazoline that reverses ETH
resistance in Mtb by inactivating EthR2, a TetR-like repressor that boosts ETH activation
(249). To determine if ETH resistance can be reversed in Mabs, we examined ETH
sensitivity in the presence and absence of SMARt-420. We found that SMARt-420 did not
significantly impact bacterial growth under these conditions in either WT or AMAB_2648c
bacteria (Fig. 4.11), suggesting that SMARt-420 is unable to reverse Mab_2648c-
dependent ETH resistance.
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AMAB_2648c did not exhibit cross resistance to other antibiotics tested (Table 4.2),
suggesting a unique function in mediating ETH resistance. This was surprising, as MarR
homologs often confer resistance to multiple antibiotics in other bacterial species (242—
244). The fact that resistant mutants fail to emerge in the combinatorial treatment of ETH
with AMK and CLR suggests that there may be unique mechanisms of resistance to each
of these antibiotics. To determine whether there are mediators that confer susceptibility
or resistance across multiple antibiotics in Mabs, we performed Tn-Seq in the presence
of both AMK and CLR as described for ETH. Using the same fold-change and significance
cutoffs as in our ETH Tn-Seq, we found 28 significant genes in AMK and 70 genes in
CLR that may modulate susceptibility to these antibiotics (Fig. 4.8 D-E, 4.15, 4.16). No
genes were similarly significant in both the ETH and AMK conditions, and only 7 genes
were important in both the ETH and CLR conditions. Gene hits identified in the presence
of ETH and CLR are MAB_1055 (Conserved Hypothetical Peptidase), MAB_1915
(Probable Fatty Acid CoA Ligase FadD), MAB_2162 (Putative AAA-family ATPase Mpa),
MAB_4059 (Hypothetical Protein), MAB_0177 (Antigen 85-A/B/C Precursor), MAB_4115
(Putative MmpL Membrane Protein), and MAB_0577 (Putative ABC Transporter Solute
Binding Protein). Insertions in three of these genes conferred a growth defect in both
conditions, while insertions in only one gene conferred a growth advantage in both
conditions (Fig. 4.8 E). Insertions in the remaining three genes had differential effects in
the two conditions. In contrast to our Tn-Seq data, deletion of MAB_4059¢c (AMAB_4059c)
did not alter susceptibility to ETH or CLR individually (Fig. 4.10). The discrepancy for this
remains unknown, although it is possible that loss of Mab_4059c function alters
susceptibility to ETH and CLR only when grown in competition with other Tn-insertion
mutants (145).

Discussion

Mabs is remarkable among drug-resistant bacterial pathogens in that resistance is
intrinsic but can also be acquired to functionally diverse antibiotics (36). Unlike most
antibiotics that target mycolic acid biosynthesis, we show here that ETH is mildly
bactericidal against Mabs in vitro. Using a combination of bacterial genetics, whole
genome sequencing, and transposon mutagenesis, we identified Mab_2648c as an
important determinant of ETH sensitivity in Mabs, as loss of Mab_2648c leads to ETH
resistance. This loss is associated with upregulation of mmpSL5, which contributes to
ETH resistance in a Mab_2648c-dependent manner. Our findings expand on the current
knowledge regarding the role of mmpSL genes in conferring antibiotic resistance in Mabs.
In line with what we have reported here, the loss of other TetR regulators in Mabs leads
to upregulation of other mmpSL genes that confer resistance to bedaquiline, clofazimine,
and THZ (114, 226). It is speculated that many of the mmpSL genes in Mabs encode for
transporters that efflux these antibiotics into the extracellular space (128), although this
requires further evaluation. Whether ETH is being transported by MmpSL5 remains
unknown. Interestingly, the TetR regulator Mab_2299c negatively regulates two,
genetically distant mmpSL couples (MAB_2300-2301 and MAB_1135c-1134c) that
confers cross-resistance to bedaquiline and clofazimine (226). We did not find any
differences in bedaquiline and clofazimine susceptibility in the absence of Mab_2648c
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(Table 4.1). TetR regulators represents the largest class of transcriptional regulators in
Mabs, a feature that is characteristic of saprophytic mycobacteria (240). Of the 139 TetR
regulators found in the Mabs genome, 21 of these are annotated as MarR (129). It is
possible that other MarR regulators confer resistance to antibiotics with diverse modes of
action, although this remains to be explored.

We now have several examples of TetR regulators conferring drug resistance in Mabs,
highlighting the importance of deciphering the roles of those that have yet to be studied
in the context of drug resistance (114, 226). Many of these findings have been obtained
through the generation of laboratory, drug-resistant strains and have yet to be extended
to clinical isolates (114, 226). Sequencing of TetR regulators in drug-resistant clinical
isolates could help us identify novel genetic determinants of drug resistance. In our ETH
Tn-Seq screen, we identified Tn mutants with insertions in 17 TetR regulators. Tn mutants
with insertions in three other genes besides MAB_2648c (MAB_2885, MAB_2731, and
MAB_0979) displayed a growth advantage in the presence of ETH while mutants with
insertions in the other 13 TetRs displayed a growth defect. In our Tn-Seq screen with
AMK, we identified Tn insertions in 2 TetR regulators: MAB_2061c (growth defect) and
MAB_4026¢ (growth advantage). Mutants with Tn insertions in two additional TetR
regulators (MAB_1881c and MAB_2952c) displayed growth defects in our Tn-Seq screen
with CLR. These Tn-Seq hits can be utilized to expand our knowledge on the contribution
of TetR regulators as being important genetic determinants for growth on clinically
relevant antibiotics.

Questions regarding the role of Mab_2648c in ETH resistance remain. TetR regulators
can be dissociated from DNA through direct binding of small ligands (240). For MarR
regulators, many of these ligands are aromatic compounds (240, 250). It remains
unknown what biological conditions lead to transcriptional de-repression of Mab_2648c
targets, leading to upregulation of mmpSL5 and possibly other genes. We speculate that
these conditions are associated with ETH resistance, given that ETH exposure alone
does not induce expression of either MAB_2648c or mmpSL5 (Fig. 4.7 B-E, Fig. 4.14 A-
B), suggesting that Mab_2648c may be associated with functions unrelated to drug
resistance (240, 250, 251). The closest protein homologues of Mab_2649 and Mab_2650
in Mtb H37Rv are MmpS5 (Rv0677c, 38.57%) and MmpL5 (Rv0676c, 48.56%),
respectively (252). MmpSL transporters are known to transport many lipids, some of
which include TMM (MmpL3), PDIM (MmpL7), and sulfolipids (MmpL8) (253). MmpS/L4
and MmpL5 are associated with mycobactin and carboxymycobactin export, which are
two of the major mycobacterial siderophores that allow for iron acquisition (253, 254). Mtb
mutants defective in these transporters are unable to grow in low-iron environments (254).
Although there are two MarR regulators in Mtb (Rv0042c and Rv0880), these do not share
any homology with the MarR regulator identified in this work, suggesting that the
mechanism by which Mab_2648c contributes to ETH resistance may be distinct from what
is currently known in Mtb (129, 252).
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It remains unknown as to whether spontaneous ETH resistance in Mabs is solely
mediated by mutations in Mab_2648c. We examined three independent resistant clones,
each obtained from a distinct ETH concentration (128, 150, and 200 ug/ml). We were
limited in being able to screen for spontaneous mutants at higher concentrations, due to
the poor agueous solubility of ETH (0.48 mg/mL) (239). It is possible that spontaneous
resistance to ETH may be associated with other genetic determinants, such as mutations
in the promoter region of inhA (MAB_2722c) or mutations in potential bio-activators of
ETH (MAB_0103, MAB_0985, MAB_3967) (138, 206). The identification of 96 genes with
insertions that conferred a growth advantage in the presence of ETH (138) suggests that
it is possible to obtain spontaneous mutations in genes independent of MAB_2648c.

Identifying few overlapping hits in our Tn-Seq screens with CLR and ETH was surprising
(138). While ETH is known to target cell envelope metabolism in Mtb (206), this remains
to be determined in Mabs. CLR synergizes with the cell wall targeting antibiotic
vancomycin against Mabs in vitro (255), although the mechanisms responsible for this
synergy remain unknown. We found that a combination of CLR and ETH was indifferent
against Mabs (Table 4.2) (138). Interestingly, Tn insertions in genes that conferred a
growth disadvantage in the presence of CLR and ETH independently (MAB_1055 and
MAB_0177) encode for proteins that are predicted to localize to the cell envelope (Fig.
4.8 F) (129, 138). It is possible that a combinatorial action of CLR and ETH can lead to
cell surface changes that makes the mycobacterial envelope more permeable to antibiotic
entry. Although we did not observe synergy between CLR and ETH against WT Mabs
(138), examining this combinatorial action in the absence of MAB_1055 and MAB_0177
may display a synergistic effect. Our collective findings in this work can be used to
broaden our knowledge on identifying genetic determinants of ETH and other clinically
relevant antibiotics. ldentifying a gene that seems to uniquely confer resistance to ETH,
but not other unrelated antibiotics, suggest that intrinsic drug resistance in Mabs may
result from a multitude of genetic mechanisms.

Materials & Methods

Construction of bacterial strains and growth conditions. Mabs strain ATCC 19977
was grown in Middlebrook 7H9 (BD) media supplemented with albumin-dextrose-saline
(ADS). For growth on solid media, Mabs was cultured on LB agar (BD) or Middlebrook
7H10 (BD) where indicated. Clinical strains were obtained from Chao Qi (Northwestern
University). The following antibiotics were supplemented when appropriate for Mabs:
hygromycin B (Invitrogen, 125 pg/ml for liquid media; 1 mg/ml for solid media), zeocin
(InvivoGen, 50 ug/ml), and kanamycin (Sigma, 150 pug/ml for liquid media; 100 ug/ml for
solid media). To favor the generation of S morphotype Mabs, both liquid and solid media
were supplemented with Tween-80 (Sigma, 0.05% v/v). E. coli was grown in LB
supplemented with the following antibiotics when appropriate: hygromycin B (125 pg/ml),
zeocin (50 pg/ml), and kanamycin (50 ug/ml). Deletion of MAB_2648c and MAB_2649-
2650 was achieved using Oligonucleotide-Mediated Recombineering followed by Bxb1
Integrase Targeting (ORBIT) as previously described (256). We adapted the original
ORBIT protocol for utilization in Mabs. Briefly, for each target gene, an oligonucleotide
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containing an attP site flanked by 60-80 base pairs of sequence homology surrounding
each target gene was constructed and co-electroporated (2.5 kV, 25 uF, and 1000 Q) with
the payload plasmid pKM496 into bacteria expressing genes from the plasmid pKM444
(256). All electroporations were conducted with 385 ul of bacteria washed three times
with 10% glycerol at an optical density of 600 nanometers (OD600nm) of 0.1-0.3.
Approximately 67 ng of target oligonucleotides (Integrated DNA Technologies) were used
with and without 100 ng of pKM496 for electroporations using cuvettes containing 0.2 cm
gaps (Bio-Rad). Following electroporation, bacteria were rinsed with 2 ml of 7H9 and
allowed to recover at 37°C with shaking for 16 hours before plating on LB supplemented
with zeocin (50 pg/ml) to select for deletion mutants. PCR amplification was used to check
for the correct recombination event, which was confirmed with Sanger sequencing.

Mouse infections to assess ETH efficacy

Fifteen GM-CSF knockout mice (GM-CSF--) of mixed sexes (8 female and 7 male mice)
(Jackson Laboratories) were infected intranasally with Mabs (1 x 108 in 40 uL). Eight
hours post-infection, mice were treated with 100 mg/kg of ETH (TCI Chemicals) prepared
in a formulation consisting of 20% DMSO, 20% Ethanol, and 60% water. Untreated and
vehicle-treated mice were also included. Five days post-ETH treatment, lungs were
harvested, homogenized, and then serial dilutions were prepared and plated on
Middlebrook 7H11 agar (BD). Mabs CFUs were enumerated after 3 days of incubation at
37°C. All mouse procedures were approved by the Office of Laboratory and Animal Care
(OLAC) at the University of California, Berkeley.

Tn-Seq screening, gene essentially calls, and statistical analyses. The transposon
(Tn) library for Mabs was constructed as previously described for other mycobacterial
species (227). For screening, an aliquot of the Mabs Tn library was grown in 150 ml of
7H9 broth until log phase (OD600nm 0.5-1.0). The Tn library was diluted to an ODeoo of
0.01 (~ 5 x 108 CFU/mI) in 10 ml of 7H9 with and without ETH (16 ug/ml), CLR (Ambeed,
1 ug/ml ), and AMK (Ambeed, 8 ug/ml ). All cultures were prepared in triplicate. Bacteria
were grown at 37°C for 24 hours, harvested by centrifugation, and washed twice with
fresh 7H9 broth. 2 ml of bacteria containing 1.5 x 10* CFU/ml were plated on LB agar
supplemented with kanamycin (100 ug/ml) and Tween-80 (0.05 %) on 245 mm square
bioassay dishes (Corning). Plates were incubated at 37°C for 5 days and then colonies
were scraped into 35 ml of 7H9 broth. Genomic DNA was extracted from the collected
mixture as previously described. Genomic DNA was submitted to the UC Davis DNA
Technologies Core and sequences enriched for the Himar1 transposon were amplified
on a HiSeq illumina platform (229). Sequence reads were mapped to the Mabs ATCC
19977 genome. Transposon-enriched sequence reads were then analyzed using
TRANSIT software (230). Calls of essentiality were made by TRANSIT using the Gumbel
method with the following settings: 10,000 samples, trim setting=1, minimum read set to
1, replicates averaged. For conditional essentiality, the calls were made by TRANSIT
using the resampling method with the following settings: 10,000 resampling, TTR
normalization, included zeros, trimming the first and last 5% of genes, winzorized
resampling and site restricted resampling (230).
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Determination of Minimum Inhibitory Concentrations (MIC) and synergy testing.
Mabs strains were grown to an OD600nm of 0.2-1.0 in 7H9 and diluted to an OD600nm
of 0.01 with and without a two-fold dilution series of antibiotics to be tested in 96 well, TC-
treated plates in a final volume of 100 ul. Plates were incubated at 37°C for four days
without shaking in tightly sealed, moist Tupperware containers to prevent evaporation.
After 4 days, bacteria were fixed with an equal volume of 5% Formalin (Sigma) for safety
reasons. Optical densities were then recorded at 600 nm using a SpectraMax M3
Microplate Reader (Molecular Devices). The MIC here is defined as the lowest
concentration of antibiotic that inhibits 99% of bacterial growth. For synergy experiments,
ETH MIC was determined as described above with and without the highest concentration
of each antibiotic tested that has no effect on bacterial growth. For colony forming unit
(CFU) enumeration, bacteria were washed twice in antibiotic-free growth media and then
ten-fold serial dilutions were prepared followed by plating on LB agar. CFU/ml was
enumerated after 5 days of incubation at 37°C.

Selection of spontaneous ETH resistant mutants followed by whole genome
sequencing. To select for spontaneous resistant mutants, WT Mabs (1 x 108 CFU) was
plated on LB agar supplemented with three different inhibitory concentrations of ETH
(128, 150, and 200 pg/ml), which represents 2-, 2.3-, and 3.1-times MIC. Plates were
incubated at 37°C for at least 7 days before inspection of the plates. Spontaneous
resistant clones were picked and grown in 7H9 broth. ETH resistance was validated in
the selected clones using the MIC protocol described above. Genomic DNA was
extracted from the clones and submitted to the UC Davis DNA Technologies Core for
whole genome sequencing on a NovaSeq platform. Sequence reads were mapped to the
Mabs ATCC 19977 genome (130).

Quantitative PCR (qPCR). Bacteria at an OD600nm of 0.1 were treated with and without
ETH (16 ng/ml). At 3- and 11-hours post-treatment, bacteria were harvested at 3500 rpm
for 10 minutes and RNA was extracted using TRIzol (Invitrogen) and purified using the
RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. Total RNA was reversed
transcribed to cDNA using the Superscript™ Ill First-Strand Synthesis System
(Invitrogen) following the manufacturer’s protocol. For each primer pair, ten-fold serial
dilutions of cDNA were prepared for generation of standard amplification curves on a CFX
Connect-Real Time PCR Detection System (Bio-Rad). Fluorescence was detected using
the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). cDNA synthesis reactions
without RT were included in parallel to control for genomic DNA contamination.
Expression levels were normalized to sigA (MAB_3009) before calculating relative
expression levels using the delta-delta Ct method (2-4Ct).

Plasmids. 1000bp upstream of MAB_2648c, the MAB_2648c coding sequence, and 200
bp downstream of MAB_2648c were PCR amplified using Q5 DNA Polymerase (New
England Biolabs) and cloned into the Dral and Hindlll sites of the integrative vector
pMV306 (257), generating pRR107. pRR107 was electroporated into AMAB_2648c as
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described above and selected using kanamycin. The mmpS5-L5 coding sequence along
with 200 bp downstream of mmpL5 were PCR amplified using Q5 DNA Polymerase and
cloned into the anhydrotetracycline (ATc) inducible promoter of pUV15LD (245),
generating pRR115. pRR115 was electroporated into both WT and AMAB_2648c bacteria
and selected using Hygromycin B. To check for mycobacterial clones carrying desired
plasmids, individual colonies were picked into 10 ul of sterile, nuclease-free water and
heat-killed at 80°C for 1 hour. 2 ul of heat-killed bacteria was used as a template for PCR
using plasmid-specific primers.
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Figure 4.4. ETH displays mild bactericidal activity against Mabs. Dose-response
curves for (A) INH, (B) THZ, and (C) ETH against WT Mabs. (D) WT Mabs was treated
with and without ETH (20 pug/ml) for 2 days and viable bacteria were enumerated by CFU.
(E). GM-CSF- mice were treated with and without 100 mg/kg of ETH, mouse lungs
harvested 5 days after treatment, and then bacterial burden determined by CFU. X’
represents a mouse that did not survive ETH treatment. (F) ETH MIC values for clinical
isolates of Mabs. (G) ETH dose-response curves for WT, Mab_2648cAsn105Stop - gnd
Mab_2648cAsn105Stop complement (Mab_2648c¢Asn105Stop | 5::MAB_2648c) strains. All
experiments are representative of at least three biological replicates except for (E), which
is representative of two biological replicates. Error bars represent standard deviation, p <

0.05 (*).
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Figure 4.5. Five days of ETH exposure in mice does not lead to in vivo resistance.
Mabs collected from the lungs of GM-CSF-- mice treated in the absence (A) or presence
of ETH (100 mg/kg) were exposed to a two-fold dilution series of ETH and bacterial growth
examined as described in materials and methods. WT Mabs was included in parallel. 1-4
represent bacterial samples collected from separate mice in each experimental group.

30



MAB_0985 ethA

2 Untreated
2
. 2
<} . - =smar £
5 41 i " b |
© g Ll 1 1 1 1
T - = +ETH
Q (5]
s - 3
E’ MAB_(-)103 ethA % | | |
' N i ] ] ] I
* < AMAB_2648¢ |
0 T
-10 5 0 5 10
log,FC
C D E
0.6 - —WT 0.7- - WT 0.5- - WT
0.5- -e- AMAB_2648¢c -o- AMAB_2648c (.4 -o— AMAB_2648c
0 e AMAB 2648c g 0-07 £
€ 0491 L L5:MAB_2648c § S 0.3
e B o o
S 0.3 o 0.5 ©
a i * Q O .24
O 0.2 (o] o
e 0.1
: 0.3 ; : , 0.0
1 10 100 1000 1 10 100 1000 0.01 0.1 1 10
Log [ETH] (ug/ml) Log [THZ] (ug/ml) Log [INH] (mg/ml)

Figure 4.6. MAB_2648c is a determinant of ETH susceptibility. (A) Volcano plot
displaying all transposon insertion mutants from a Tn-Seq screen in the presence of ETH.
Red dots represent mutants with log fold change > 2 and p < 0.05 (B) Transposon
sequence read densities for MAB_2648c in the presence and absence of ETH. Black tick
marks represent all possible insertion sites. (C-E) Dose-response curves for WT,
AMAB_2648c, and AMAB_2648c complement (AMAB_2648c L5::MAB_2648c) strains in
the presence of ETH (C), THZ (D), and INH (E). All experiments are representative of at
least three biological replicates. Error bars represent standard deviation. p < 0.05 (*) for
AMAB_2648c vs complemented strain.
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Figure 4.7. mmpS5 and mmpL5 are negatively regulated by Mab_2648c and
contribute to ETH resistance. (A) Schematic representation of the genetic organization
of MAB_2648c, mmpS5, and mmpL5. (B-E) Gene expression levels of mmpS5 and
mmpL5 in WT and AMAB_2648c bacteria in the presence and absence of ETH at the
indicated time points. (F-G) ETH dose-response curves for the indicated strains. ATc (100
ng/ml) was included where appropriate. All experiments were performed at least in
biological duplicates. Error bars represent standard deviation. p < 0.05 (*); p <0.01 (**);
p < 0.0001 (****) comparing the mmpSL5 mutant with and without ATc.
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Figure 4.8. Prolonged ETH treatment suppresses emergence of drug resistance to
some clinically relevant antibiotics. (A-C) WT Mabs was treated with and without ETH
(20 pg/ml) in the presence of moxifloxacin (MFX, 3 ug/ml), amikacin (AMK, 25 ug/ml),
and clarithromycin (CLR, 3 pg/ml) or in combination with ETH. At the indicated time
points, bacteria were collected, washed, and then ten-fold serial dilutions were plated on
LB agar for CFU/ml enumeration. (D-E) Volcano plots displaying all gene hits from a Tn-
Seq screen in the presence of AMK (D) and CLR (E). Red dots represent mutants that
display growth advantages while black dots represent mutants that display growth defects
in the presence of the indicated drug. (F) Fold changes in the transposon read intensities
of select mutants from our Tn-Seq screen with ETH and CLR. All experiments were
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Figure 4.9. Two days of ETH treatment may suppress the emergence of CLR
resistance, but not AMK and MFX. WT Mabs was treated with ETH (20 pg/ml) in the
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Figure 4.10. Mab_4059c is not required for grown in the presence of ETH and CLR.
WT and AMAB_4059 Mabs were exposed to a two-fold dilution series of ETH (A) and
CLR (B) and growth was measured as described in materials & methods.
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Figure 4.11. SMARt-420 does not reverse ETH resistance in the absence of
Mab_2648c. WT and AMAB_2648c Mabs were exposed to a two-fold dilution series of

ETH with and without SMARt-420 (10 uM). Bacterial growth was measured as described
in materials and methods.
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Figure 4.12. Spontaneous ETH resistance does not confer cross-resistance to INH.
(A) WT Mabs was plated in the presence of inhibitory ETH to generate resistant bacteria,
which were then analyzed by whole genome sequencing. (B-D) Isoniazid (INH) dose-
response curves generated against isolated ETH-resistant clones (R128, R150, and
R200). Experiments are representative of at least two biological replicates. Error bars
represent standard deviation.
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Figure 4.13. Cluster of Orthologous Group (COG) analysis of transposon mutants
exposed to ETH. (A) A library of transposon mutants was treated with and without ETH.
Surviving bacteria were then plated, genomic DNA collected, and transposon-enriched
sequences analyzed by whole genome sequencing. (B) Percentage of transposon
mutants represented in the indicated COG categories. Gene hits without any COG
annotations are not shown.
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Figure 4.14. MAB_2648c is not induced in the presence of ETH. (A-B) Gene
expression levels of MAB_2648c in WT Mabs in the presence and absence of ETH after
3 (A) and 11 hours (B) of exposure. (C-F) Gene expression levels of mmpS5 and mmpL5
in WT, AMAB_2648c, and Mab_2648cAs"105Stop hacteria in the presence and absence of
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Figure 4.15. COG analysis of transposon mutants exposed to AMK. Percentage of
transposon mutants exposed to AMK represented in the indicated COG categories. Gene
hits without any COG annotations are not shown.
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Antibiotic WT MIC (pg/ml) AMAB_2648c MIC (ug/ml)
Amikacin 2 2
Bedaquiline 0.25 0.25
Cefoxitin 4 4
Clofazimine >16 >16
Ethambutol 32 32
Isoniazid 1250 1250
Thiacetazone > 500 >500
Imipenem 4 4
p-aminosalicylic acid > 160 > 160
Moxifloxacin 1 1
Doxycycline >64 > 64
Clarithromycin 4 4

Table 4.1. Comparison of MIC values in WT and AMAB_2648c Mabs to functionally
diverse antibiotics.
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Antibiotic ETH MIC (ug/ml)
AMK 8
CLR 8
MFX 8
CEF 4
IPM 4

Table 4.2. ETH MIC values in WT Mabs in the presence of each indicated antibiotic.
AMK: Amikacin; CLR: Clarithromycin; MFX: Moxifloxacin; CEF: Cefoxitin; IPM: Imipenem
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Gene Name Tb Locus Essentiality (TB) Mabs Locus Essentiality (Mabs)
IMmpL3™IRv0206c  ES MAB_4508 ES
FabH Rv0533 NE MAB_1141c NE
Rv0635 ES MAB_3898c NE
Rv0636 ES MAB_3897c NE
Rv0637 NE MAB_3896¢ NE
Rv1483 ES MAB_2723c NE
Rv1484 ES MAB_2722c ES
FabD Rv2243 ES MAB_1879c NE
AcpM Rv2244 ES MAB_1878c ES

-Rv2245 ES MAB_1877¢c ES
Rv2246  NE MAB_2028 NE
AccD6 Rv2247  GD MAB_1876¢ NE
CmrA Rv2509 ES MAB_1537c NE
FAS-| Rv2524c ES MAB_1512 ES
AccA3 Rv3285 ES MAB_3643 ES

Rv3799c ES MAB_0181 ES

Rv3800c ES MAB_0180 ES

Rv3801c ES MAB_0179 ES
Fas-l

FAS-I/central carbon metabolism

Funneling of intermediates to FAS-II

Table 4.3. Most mycolic acid biosynthetic genes are essential in both Mib and
Mabs. ES, essential; NE; not essential; GD, growth defect
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Chapter 5. Identifying potential substrates of MmpSL5 and the ETH mechanism of
action against Mabs

Abstract

mmpSL genes encode for protein complexes in mycobacterial species associated with
the inner membrane, where they are known to transport various lipids and siderophore
compounds. Many are known to contribute to mycobacterial virulence, pathogenesis, and
drug resistance. There is speculation that they may function as efflux pumps, since
mmpSL mutants are sensitive to various antibiotics and their overexpression confers drug
resistance. The biological role of many MmpSL proteins have been well studies in Mtb.
The Mabs MmpSL5 couple identified in this work is most homologous to MmpS5
(Rv0677c, 38.57%) and MmpL5 (Rv0676¢, 48.56%) in Mtb, where they have been shown
to transport mycobactin and carboxy-mycobactin, the two major iron scavenging
siderophores produced in Mtb. Furthermore, Mtb mmpSL5 is under the negative control
of a TetR regulator (Rv0678) that contributes to azole resistance. We hypothesized that
the MmpSL5 couple identified in this work is either an ETH or iron transporter, possibly
both. To address the hypothesis that MmpSL5 in Mabs is an ETH transporter, we
examined ETH sensitivity in the context of several efflux pump inhibitors (verapamil,
reserpine, carbonyl cyanide chlorophenylhydrazone, bedaquiline and ethidium bromide).
We did not find any differences in ETH sensitivity with or without efflux pump inhibitors or
any dependency on Mab_2648c activity. To determine whether MmpSL5 is iron
transporter, we tested the ability of an mmpSL5 mutant in a Mab_2648c deficient
background (Mab_2648cAsn105Stor AmmpSL5) to grow in an iron-starved environment.
Additionally, we measured expression levels of trpE2, which encodes for the
isochorismate synthase MbtL, associated with mycobactin synthesis, in the presence and
absence of ETH. We did not find any growth defects upon iron starvation in
Mab_2648cAsn105Stor AmmpSL5 bacteria. Interestingly, we identified that trpE2 was
significantly induced upon ETH exposure in WT bacteria, but notin AMAB_2648c bacteria
in an iron-rich environment. The functional consequence of this upregulation remains
unknown. Collectively, these results that MmpSL5 in Mabs is not likely to efflux ETH
directly, leaving its role in ETH resistance unknown.

Introduction

Efflux pumps are broadly distributed in both gram negative and positive bacteria (258,
259). In gram positive bacteria, efflux pumps localize to the cytoplasmic membrane (258).
Although this is also true in gram-negative bacteria, there is an additional mechanism
required for export across the outer membrane in these organisms (259). The substrates
of these efflux pumps include antibiotics from functionally diverse classes with distinct
modes of action and may also include, non-antibiotic compounds, such as bile, heavy
metals, and quorum sensing molecules (258—265). Efflux pumps are classified into five
major categories that differ in their specificity and energy source required for efflux (258,
259, 265). ABC (ATP Binding Cassette) pumps utilize ATP hydrolysis to efflux substrates
out of the bacterial cell. MATE (Multidrug and Toxic Compounds Extrusion), MFS (Major
Facilitator Superfamily), SMR (Small Multidrug Resistance), and RND (Resistance
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Nodulation and Cell Division) efflux pumps require the use of an electrochemical proton
(H*) gradient. ABC, MATE, MFS, and SMR pumps are predominately founds in gram-
positive bacteria whereas RND pumps are predominately present in gram-negative
bacteria (258, 259). The MmpSL5 transporter identified in this work is annotated as a
member of the RND class (129, 252, 266, 267).

RND pumps have been well studied in several antibiotic resistant bacterial pathogens,
including P. aeruginosa (MexAB-OprM), A. baumannii (AdeABC), and N. gonorrhoea
(MtrCDE) (268—-270). Some antibiotic substrates for RND systems include
fluoroquinolones, tetracyclines, and aminoglycosides (271-274). Bacterial mutants
lacking these efflux pumps are sensitive to antibiotic treatment (272, 274-276). The
activity of these efflux pumps is tightly regulated transcriptionally by TetR regulators that
negatively represses transcription of the encoded genes (275, 277, 278). Examples of
TetR-dependent transcriptional regulation of RND efflux pump components have been
demonstrated for AcrR, MirR, and MarR (279-281).

MarR is a well-known regulator of efflux pump activity in many bacterial species, including
S. aureus and E. coli (281-284). In E. coli, transcriptional activation of the marRAB operon
can be induced though direct binding of aromatic metabolites to MarR, including
salicylate, 2,3-dihydrozybenzoate, and anthranilate (250). 2,3-dihydrobenzoate is
associated with enterobactin biosynthesis, an iron-binding siderophore produced by E.
coli and other gram-negative bacterial pathogens (285-287). It has been proposed that
enterobactin biosynthesis and transport requires transcriptional activation of MarR, since
MarR negatively regulates expression of the acrAB operon, which encodes for the
periplasmic (AcrA) and inner membrane (AcrB) protein components that bind to the
enterobactin transporter TolC (288—292).

Mycobacteria acquire iron using two major siderophores: the cytoplasmic membrane-
bound mycobactin and extracellularly localized exochelin (M. smegmatis) or
carboxymycobactin (Mtb) (293). Although iron uptake mechanisms have not been fully
mapped out in mycobacteria, is it generally thought that exochelin and
carboxymycobactin bind ferric iron (Fe3*) in the extracellular space and then transfer the
bound iron to receptor proteins, possibly porins, across the mycobacterial cell envelope
(293). Iron overspill and/or the presence of ferric reductases in the periplasmic space then
transfer the bound iron to membrane bound mycobactin (293). Ferric reductases bound
to the cytoplasmic membrane reduce the bound iron to ferrous iron (Fe?*) and then
transfer Fe2* to iron-storage proteins such as bacterioferritin (293).

In Mtb, mutants lacking mmpSL4 are unable to grow under iron-limiting conditions
because they are defective in mycobactin synthesis and transport (254). MmpSL4 interact
with MmpL5 and addition of a genetic copy of mmpL5 rescues the growth defect of a
mmpSL4 mutant under iron starvation (254). Aside from serving a role in growth under
low iron and siderophore transport, MmpSL5 also contributes to clofazimine and
bedaquiline resistance in Mtb (294, 295). Although iron-uptake and transport has not been
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well studied in Mabs, it has been discovered that the type VII ESX-3 secretion system is
required for iron uptake and that ESX-3 secretes a siderophore that is structurally distinct
from those in other mycobacterial species (296). The structure of the Mabs siderophore
resembles those produced in Nocardia species, which represents another class of
actinomycete species closely related to mycobacteria (296, 297). This suggest that
siderophore biosynthesis and transport may be distinct from what has been observed in
other mycobacterial species, including Mtb and other NTM.

Results

We examined bacterial growth in the presence of ETH with and without subinhibitory
doses of several efflux pump inhibitors: verapamil (VER, 64 ug/ml), reserpine (RES, 10
ug/ml), carbonyl cyanide chlorophenylhydrazone (CCCP, 2 ug/ml) and bedaquiline (BDQ,
30 ng/ml). Reserpine and verapamil have been shown to inhibit the activity of many efflux
pumps, with subsequent increases in drug sensitivity in many bacterial pathogens,
including Mtb (298-309). Verapamil has also been shown to increase membrane
permeability in Mtb (310). Similar to what has been observed in other studies, the addition
of verapamil increases the sensitivity of Mabs to various drugs, including bedaquiline and
clofazimine (311). CCCP and bedaquiline both inhibit the generation of proton motive
forces, which is necessary for the activity of RND and other efflux pumps (308, 312—-315).
We did not find any differences in ETH sensitivity in the presence of these inhibitors,
suggesting that ETH may not be subjected to efflux activity (Fig. 5.1).

We hypothesized that MmpSL5 may function as a transporter that exports ETH, because
many membrane transporters function as efflux pumps to export antibiotics (258, 259,
308). To test this hypothesis, we tested whether the AMAB_2648c mutant strain that
expresses mmpSL5 at high levels displays higher rates of ethidium bromide (EtBr) efflux,
an assay commonly used to assay mycobacterial efflux in the context of drug resistance
(316). EtBr is capable of directly binding to many efflux pumps, acting a competitive
inhibitor for endogenous targets of these pumps (308, 316). Although we observed EtBr
accumulating in Mabs cells in a dose dependent manner (Fig. 5.2), we did not observe
any difference in EtBr levels when comparing WT and the AMAB_2648c mutant at a single
dose. The inability to detect increased EtBr efflux in the AMAB_2648c mutant does not
rule out the hypothesis that mmpSL5 is a transporter of ETH, but it suggests there may
be specificity to the transport that precludes the use of this assay.

We hypothesized that MmpSL5 in Mabs is a siderophore transporter and that ETH directly
or indirectly targets iron-uptake pathways in Mabs. It is possible that AMAB_2648c
bacteria are ETH resistant because the cellular target of ETH is a component of the
mycobactin biosynthetic pathway that is being overproduced in AMAB_2648c bacteria.
We observed approximately a 10-fold increase in trpE2 expression levels in WT bacteria
exposed to ETH, but not in the absence of ETH (Fig. 5.3 A-B). This increase is dependent
on Mab_2648c activity, since AMAB_2648c (Fig. 5.3 A) and Mab_2648cAs""05Stop (Fig 5.3
B) bacteria did not display an increase in trpE2 (MAB_2245) levels. This is intriguing, as
this elevated expression level suggest that Mabs is potentially synthesizing mycobactin,
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despite the presence of an iron-rich growth environment (~ 180 mM free iron) (317). It is
possible that ETH treatment is directly or indirectly corrupting mycobactin synthesis, free
iron uptake, or both. This expression data supports our hypothesis that ETH may target
iron metabolism in Mabs. If this is the case, then Mab_2648cAs"105Stor AmmpSL5 bacteria
should display a growth defect in iron-deficient conditions. We determined whether
AMAB_2648c Mabs may be resistant to p-amino salicylic acid (PAS), a clinically relevant
anti-tuberculosis agent that is thought to inhibit iron uptake (318-321). We did not find
any differences in PAS sensitivity between WT and AMAB_2648c Mabs (Fig. 5.4 A-B,
Table 4.1).

To remove iron from our growth media, we utilized Chelex, a resin that has a high affinity
for iron (322-324). To determine whether mmpSL5 is required for growth under iron-
deficient conditions, we incubated WT, AMAB_2648c, and Mab_2648cAsn105Stop
AmmpSL5 bacteria in chelex-treated minimal media containing glycerol as the sole
carbon without any exogenous iron supplementation (Fig. 5.4 C) (325). We did not
observe any differences in colony forming units (CFU) between the strains at 2- and 5-
days post exposure to iron-deficient conditions with and without ETH. (Fig. 5.4 D) These
data suggest that mmpSL5 is not required for growth under low iron conditions and may
not be a siderophore transporter.

Immediately downstream of MAB_2648c is trpE (MAB_2647c), which encodes for
anthranilate synthase, an enzyme that participates in the tryptophan biosynthetic
pathway, catalyzing the conversion of anthranilate from chorismite (326, 327). The
intergenic region between MAB_2648c and trpE is 65 base pairs, suggesting that the
transcriptional regulation of these two genes may be linked (Fig. 5.5 A) (129). In E. col,
anthranilate is a transcriptional inducer of the marRAB operon (322). Furthermore, MarR
ligands that lead to transcriptional de-repression are known to be aromatic compounds
(328). Therefore, we hypothesized that anthranilate directly binds MarR, leading to
transcriptional de-repression of mmpSL5 and potentially other target genes (326). This
binding may be used to control tryptophan biosynthesis which may then subsequently
directly or indirectly influence ETH efficacy.

To determine whether Mab_2648c is a negative regulator of trpE, we measured
expression levels of trpE in WT and AMAB_2648c bacteria in the presence and absence
of ETH at 3- and 11-hours post-treatment by gqPCR. We found that at each time point,
irrespective of drug treatment, the expression levels were significantly higher in the
absence of Mab_2648c, compared to WT bacteria, suggesting Mab_2648c may be a
negative regulator of tryptophan metabolism (Fig. 5.5 B). We considered the possibility
that this expression change may be attributed to a polar effect, because the genetic
approach utilized for the construction of a MAB_2648c mutant did not result in an
unmarked mutant, but rather introduced a plasmid backbone of approximately 3 kb in
place of the MAB_2648c coding sequence (328). To address this, we measured trpE
expression levels under the same conditions in Mab_2648cAs"105Stop hacteria, which does
not possess this plasmid backbone. Unfortunately, we did not observe an increase in trpE
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levels in Mab_2648cAsn105Stop (Fig. 5.5 C), suggesting that the observed phenotype in the
absence of MAB_2648c is due to a polar effect.

To determine whether tryptophan metabolism is linked to ETH efficacy in Mabs, we
examined ETH sensitivity in WT and AMAB_2648c with and without exogenous
supplementation of tryptophan and indole, a tryptophan intermediate (326, 327).
Unfortunately, we were unable to include anthranilate due to the lack of a researcher Drug
Enforcement Administration (DEA) license for working with controlled substances. We did
not observe any differences in ETH sensitivity in the presence or absence of tryptophan
(Fig. 5.5 D) and indole (Fig. 5.5 E), suggesting that tryptophan metabolism does not
influence ETH sensitivity.

Discussion

Although we did not find any differences in ETH sensitivity with or without efflux inhibitor,
or any Mab_2648c-dependecy of ethidium bromide efflux, we cannot eliminate the
possibility that MmpSL5 is an efflux pump. It is possible that ETH sensitivity may be
altered in the presence of other efflux pump inhibitors that were not tested in this study
(valinomycin, Phe-Arg-B-napthylamide, and spectinamides) (329). Additional efflux pump
inhibitors should be tested in the future. Biochemical approaches can also be utilized to
test whether MmpSL5 is an efflux pump. Obtaining a crystal structure of MmpSL5 and
aligning it with those of known efflux pumps, such as MexB from P. aeruginosa (330),
could prove to be valuable. Determining whether ETH is a natural ligand of MmpSL5 using
biolayer interferometry and isothermal titration calorimetry would also be beneficial (331).

Although we did not observe a phenotype in Mab_2648cAs"105Stor AmmpSL5 bacteria
under iron-deficient conditions, alternative approaches can be utilized to determine
whether iron bio-availability influences ETH efficacy. Examining ETH sensitivity using
mutants that are unable to synthesize and transport mycobactin is one approach (296).
Additionally, examining the transcriptome profiles of mycobactin and iron-uptake genes
with and without ETH treatment using RNA-sequencing is an alternative approach (332).
The absence of an ETH sensitivity phenotype in mycobactin mutants and the lack of a
mmpSL5 dependency on iron transcription would be consistent with the data reported
here.

It remains unknown as to whether tryptophan metabolism influences ETH sensitivity,
since tryptophan metabolism is tightly regulated transcriptionally, translationally, and
allosterically (326). Mycobacteria are capable of synthesizing tryptophan de novo, and
exogenous supplementation of these metabolites may alter tryptophan metabolism
beyond our experimental control (326, 327). Examining ETH sensitivity in mutants
auxotrophic for tryptophan provides a more directed approach for establishing a potential
link.

Materials & Methods

49



Examining ETH sensitivity in the presence of efflux pump inhibitors and tryptophan
metabolites

Mabs strains were grown to an OD600nm of 0.2-1.0 in 7H9 and diluted to an OD600nm
of 0.01 with and without a two-fold dilution series of antibiotics to be tested in 96 well, TC-
treated plates in a final volume of 100 ul. Efflux pump inhibitors were included at the
following concentrations: verapamil (VER, 64 ug/ml), reserpine (RES, 10 ug/ml), carbonyl
cyanide chlorophenylhydrazone (CCCP, 2 ug/ml) and bedaquiline (BDQ, 30 ng/ml).
Tryptophan (2 mM) and Indole (3 ug/ml) were included when necessary. Plates were
incubated at 37°C for four days without shaking in tightly sealed, moist Tupperware
containers to prevent evaporation. After 4 days, bacteria were fixed with an equal volume
of 5% Formalin (Sigma) for safety reasons. Optical densities were then recorded at 600
nm using a SpectraMax M3 Microplate Reader (Molecular Devices). The MIC here is
defined as the lowest concentration of antibiotic that inhibits 99% of bacterial growth.

EtBr efflux assays

Mabs strains were grown to a OD600nm of 0.2-1.0. 10 ml of bacteria were harvested at
3500 rpm for 10 minutes and washed twice with 1X Phosphate-buffered-saline (PBS), pH
7.4. The OD600nm of the bacterial cultures was adjusted to 0.4 with 1X PBS
supplemented with 0.4% glucose, pH 7.4. 100 ul of bacteria was treated with and without
a two-fold dilution series of EtBr (0.25 — 8 ug/ml) in dark, clear bottom 96 well plates
(Greiner). EtBr fluorescence (excitation wavelength: 530nm; emission wavelength:
585nm) was measured a SpectraMax M3 Microplate Reader (Molecular Devices) at 37°C
for 60 minutes.

Quantitative PCR (qPCR)

Bacteria at an OD600nm of 0.1 were treated with and without ETH (16 pg/ml). At 3- and
11-hours post-treatment, bacteria were harvested at 3500 rpm for 10 minutes and RNA
was extracted using TRIzol (Invitrogen) and purified using the RNeasy Mini Kit (Qiagen)
following the manufacturer’s protocol. Total RNA was reversed transcribed to cDNA using
the Superscript™ Il First-Strand Synthesis System (Invitrogen) following the
manufacturer’s protocol. For each primer pair: MAB_2647c¢ (trpE) and MAB_2245 (trpE2),
ten-fold serial dilutions of cDNA were prepared for generation of standard amplification
curves on a CFX Connect-Real Time PCR Detection System (Bio-Rad). Fluorescence
was detected using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). cDNA
synthesis reactions without RT were included in parallel to control for genomic DNA
contamination. Expression levels were normalized to sigA (MAB_3009) before calculating
relative expression levels using the delta-delta Ct method (2-24C7).

Iron-deprivation assays

Bacteria were grown in 7H9 overnight and washed twice in chelex-treated minimal media
without exogenous iron supplementation (3.6 mM of KH2POa, 6% (v/v) of glycerol, 30 mM
of L-asparagine, and 0.05% (v/v) of Tween 80, pH 6.8) (325). 2 ul of washed bacteria was
passaged in minimal media without iron before ETH treatment. Minimal media was
prepared by treating with Chelex® 100 sodium form (10 g/L, Sigma) and then stirring at
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room temperature for 2 days (322). Chelex was removed by filtration and then
supplemented with 2.0 mM of MgSO4 7H20 and 0.006 mM of ZnSO4 7H20 (325). After
passaging without iron, bacteria were diluted to an OD600nm of 0.1 with and without ETH
(16 ug/ml) in chelex-treated minimal media. After 2- and 5-days post-treatment, 1 ml of
bacteria was collected, washed twice, and then serial dilutions were prepared and plated
on LB agar. Plates were incubated at 37°C for 5 days before CFU enumeration.
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Figure 5.1. ETH sensitivity is not altered in the presence of efflux pump inhibitors
and is independent of Mab_2648c activity. WT and AMAB_2648c Mabs were exposed
to a two-fold dilution of ETH with and without subinhibitory concentrations the following
efflux pump inhibitors: Verapamil (VER, 64 ug/ml) (A-B), Reserpine (RES, 10 ug/ml) (C-
D), Carbonyl Cyanide Chlorophenylhydrazone (CCCP, 2 ug/ml) (E-F), and Bedaquiline
(BDQ, 30 ng/ml) (G-H). Panels on the left (A, C, E, and G) represent positive control
assays for each inhibitor used. CLR: Clarithromycin. Bacterial growth was measured as
described in materials and methods.
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Figure 5.2. Loss of Mab_2648c activity does not lead to changes in Ethidium
Bromide (EtBr) accumulation. WT (A) and AMAB_2648c (B) Mabs were treated with
two-fold dilutions of EtBr (0.25 — 8 ug/ml) in PBS supplemented with 0.4% glucose (pH
7.4) and EtBr fluorescence measured for 60 minutes at 37°C (excitation wavelength: 530
nm; emission wavelength: 585 nm).
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Figure 5.3. ETH exposure leads to trpE2 induction and is dependent on Mab_2648c
activity. WT, AMAB_2648c, and Mab_2648cAs"105Stp Mabs were treated with and without
ETH (16 ug/ml) for 11 hours. RNA was collected, reverse transcribed to cDNA, and then
troE2 expression levels were measured by gPCR.
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Figure 5.4. Bacterial growth under iron deprivation is independent of Mab_2648c.
(A) WT and AMAB_2648c Mabs were treated with and without a two-fold dilution series
of PAS. (B) WT and AMAB_2648c Mabs were treated with a two-fold dilution series of
ETH with and without a subinhibitory concentration of PAS (1.25 pug/ml). Bacterial growth
was examined as described in materials and methods. (C) Schematic representation of
growth conditions established to achieve iron depletion. (D) The indicated bacterial strains
adapted to iron-deprived growth conditions were cultured without iron and growth
examined by plating for CFU with and without ETH at the indicated time points (8 ug/ml).
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Figure 5.5. Transcriptional regulation of trpE is independent of Mab_2648c. (A)
Schematic representation of the genomic organization of trpE relative to MAB_2648c. (B
and C) WT, AMAB_2648c (B), and Mab_2648cAs"105Stop (C) Mabs were treated with and
without ETH (16 pg/ml) for 3 and 11 hours. RNA was collected, reverse transcribed to
cDNA, and then trpE expression levels were measured by gPCR. (D and E) The indicated
bacterial strains were treated with a two-fold dilution series of ETH with and without L-
Tryptophan (L-Trp, 2 mM) (D) and Indole (3 ug/ml) (E). Bacterial growth was measured
as described in materials and methods.
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Future Directions

Identifying the substrate of the MmpSL5 transporter

MmpSL transporters in other mycobacteria are known to transport lipids into the
extracellular space to assist with mycomembrane biogenesis (128). It is possible that the
MmpSL5 transporter identified in this work is a lipid transporter, since ETH is a known
inhibitor of lipid metabolism in Mtb (184, 333, 334), although it is currently unknown if this
is also true for Mabs. Upregulation in MmpSL5 activity may result in more lipids being
transported across the inner membrane, which may result in a less permeable
mycomembrane. Reduced permeability may explain why the loss of MAB_2648c
increases ETH resistance. To address these hypothesis, future work examining the
permeability of the mycomembrane using fluorescence-based assays and lipid transport
using thin-layer chromatography should be considered (335, 336).

High-throughput chemical screening assays to identify compounds that synergize
with ETH

Several studies have identified many non-antibiotic, FDA approved compounds that are
active against Mabs (125—-127). Since we were unable to identify antibiotics and other
compounds that synergize with ETH (Fig. 4.11; Table 4.2; Fig 5.1; & Fig 5.4 A-B), a high-
throughput chemical screening approach should be considered in the future. Promising
compounds would augment the clinical relevance of ETH against Mabs. It is possible that
synergistic candidates can reduce the concentration of ETH needed to achieve a
bactericidal effect to levels that are therapeutically achievable and tolerable to the host.
Furthermore, potential candidates may have the ability to reverse ETH resistance (249).
Such compounds should be examined in combination with ETH using mouse models of
infection.

Identifying binding ligands and biological conditions associated with Mab_2648c
transcriptional de-repression

It remains unknown what biological conditions lead to transcriptional de-repression of
Mab_2648c and subsequent upregulation of mmpSL5 and other potential, target genes.
Future work should involve screening a chemical library of aromatic compounds for their
ability to bind to purified Mab_2648c using biochemical approaches. Potential candidates
should then be screened for their ability to induce transcriptional de-repression of
Mab_2648c using RNA seq and chromatin immunoprecipitation followed by sequencing
(ChIP-Seq) (243). Identifying natural ligands of Mab_2648c may prove useful in
determining the biological function of Mab_2648c unrelated to ETH resistance and/or the
ETH mechanism of action.
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Conclusions

ETH displays mild bactericidal activity against Mabs in vitro and possibly in vivo,
suggesting that ETH may have repurposing potential against Mabs. Importantly, we did
not observe any antagonistic interactions with ETH when combined with some clinically
relevant, functionally distinct antibiotics currently utilized to treat Mabs infections. It is
worth noting that despite the lack of growth observed in bacteria treated with ETH/AMK
and ETH/CLR 2-days post treatment, they were equally resistant to all drugs within this
time interval, suggesting that this lack of growth may not be attributed to drug sensitivity,
but possibly antibiotic persistence or tolerance.

We have identified an ETH resistance mechanism that requires the activity of an MmpSL5
transporter and is mediated by the MarR homolog Mab_2648c. In addition, we have
identified potentially novel genetic determinants of drug sensitivity to AMK, CLR, and ETH
using Tn-Seq that require further evaluation in future studies. For the clinically relevant
antibiotics AMK and CLR, many of our TnSeq hits have not been previously reported to
be important for growth on these antibiotics. Overlap in specific gene hits in our CLR and
ETH dataset suggest there may be shared mechanisms of drug resistance among both
drugs. The transport mechanism associated with MmpSL5 identified in this work remains
unknown, but our findings rule out drug efflux and iron transport as potential mechanisms.
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