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Tuberculosis remains a major cause of human morbidity and mortality, and is caused by infection 

with the bacterium Mycobacterium tuberculosis. For thousands of years, M. tuberculosis has 

adapted virulence strategies that allow it to survive in humans, its sole natural host. After 

transmission by aerosol infection, M. tuberculosis provokes a complex series of interactions with 

the host immune system, allowing the bacterium to establish a persistent niche inside immune cells 

located within granuloma lesions at infection sites. The bacterium routinely survives for months 

or years within an individual host, eventually provoking pathology that leads to transmission and 

compromises lung function. The worldwide burden of M. tuberculosis infection is enormous, 

despite the existence of antibiotic regimens to treat this disease. Current antibiotic regimens for 

eliminating drug-sensitive M. tuberculosis are hampered by their length, and regimens for drug-

resistant M. tuberculosis are relatively ineffective and riddled with side effects. One approach to 

develop improved antibiotic targets is to better understand the metabolic pathways that support M. 

tuberculosis survival and persistence during chronic infection and in the face of antibiotic 

pressures. Over the last decade, lipid utilization has been identified as a central pathway that 

contributes to M. tuberculosis survival and persistence under these conditions. However, 

mechanisms that can be leveraged to generate chemical inhibitors of lipid utilization in M. 

tuberculosis are poorly understood, and there are no antibiotics of this class represented yet in a 
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clinical setting. Here we have explored two mechanisms through which ATP lies at the center of 

lipid utilization in M. tuberculosis. We demonstrate the necessity of ATP hydrolysis to drive fatty 

acid and cholesterol import into M. tuberculosis, and identify differences in regulation of these 

two transport pathways. Examining promising chemical inhibitors of M. tuberculosis growth that 

were previously identified by a novel high-throughput screening technique, we characterize new 

compounds that inhibit cholesterol utilization in M. tuberculosis by upregulating the cyclization 

of ATP to form cyclic-AMP (cAMP). These represent a significant advance because the 

compounds show promising safety and pharmacokinetic profiles, and are the first M. tuberculosis-

directed cholesterol utilization inhibitors suitable for testing in animal models. These compounds 

represent an unusual mechanism of action for an antimicrobial, in which activating excessive 

synthesis of a second-messenger disrupts pathogen fitness during infection. The compounds also 

initiated our efforts to characterize the unexpected link between cAMP signaling and cholesterol 

utilization in M. tuberculosis, in which the function of cAMP signaling in pathogenesis is generally 

not well characterized. Lastly, we have begun to examine whether these compounds have 

secondary effects on the host cell immune response, as cAMP is well-known for modulating 

immune cell phenotypes and Mtb is poised to secrete excess cAMP into the host cell when this 

pathway is chemically activated.   
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CHAPTER ONE 

Tuberculosis Pathogenesis and Control Measures 

1.1 M. tuberculosis pathogenesis 

1.1.1 Introduction  

 The pathogenesis of M. tuberculosis (Mtb) is complex and unfolds over the course of 

months or years within a single host. Infection with Mtb is initiated when the bacterium is 

transmitted through aerosolized droplets and reaches the alveolar space of the lung. This event 

initiates a cascade of interactions between Mtb and the host immune system, which canonically 

leads to the formation of the hallmark tissue lesion in tuberculosis (TB) disease, the granuloma. 

Granulomas are diverse but are broadly defined as aggregates of macrophages, and often other 

immune cells including dendritic cells (DCs), granulocytes, T cells, and B cells, that coalesce into 

a focally-organized structure around a site of persistent infection or inflammation (1). A granuloma 

is distinguished among chronic inflammatory infiltrates based on the presence of mature 

macrophages that are organized into a characteristic, compact structure around the foci of 

inflammation and may undergo additional phenotypic changes, including transformation into 

epithelioid cells, lipid-loaded foam cells, or multinucleated giant cells (1). Advances in TB 

immunology have contributed novel perspectives concerning the role of the granuloma in Mtb 

pathogenesis and disease outcome. For example, it is now clear that individuals who are exposed 

to Mtb exist on a spectrum of disease outcomes, and for those infected with Mtb, disease outcome 

is significantly influenced by the immune response found at the level of each granuloma (2). 

Although standard mouse models of TB are limited by their inability to develop the well-organized 

granulomatous structures observed in humans, information from alternative experimental animal 

models and human cohorts continues to supplement observations made in mice and to expand our 
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knowledge of TB pathogenesis. The responses of the immune cells that comprise the granuloma 

play important host protective roles during Mtb infection, but this perspective is complicated by 

studies that have identified host-detrimental and/or pro-bacterial features of the immune response. 

Studies examining correlates of host protection and host susceptibility to TB have contributed to 

emerging themes in Mtb pathogenesis, including the importance of a “balanced” immune response 

in controlling Mtb replication and dissemination, and the heterogeneous characteristics of the 

granulomas present within a single host and between individual hosts. For the purposes of this 

study, it is important to consider the host response to Mtb because it dictates the microenvironment 

the bacterium survives within during infection, and thereby directly affects which bacterial 

pathways are required for persistence and should be targeted by novel TB antibiotics.  

Studying the chronology of Mtb pathogenesis and its underlying mechanisms presents 

significant challenges. From a translational perspective, it is ideal to understand Mtb pathogenesis 

in humans, given that humans are the sole reservoir of Mtb and TB treatments must ultimately 

address Mtb clearance in this context. Because the lung is the primary tissue of interest, a variety 

of minimally-invasive methods have been used to study Mtb pathogenesis and disease progression 

in TB patients (e.g. tracking granuloma inflammation using 18Fluorodeoxyglucose PET-CT 

imaging, and analysis of peripheral blood or bronchoalveolar lavage samples). Studies utilizing 

lung tissue samples, acquired from surgical resection or from deceased patients, have also 

contributed valuable information. However, these samples are more challenging to acquire, 

provide limited snapshots of disease progression, and must be combined with other approaches to 

draw conclusions about events that occur during Mtb infection. During the 1940s, Georges Canetti 

published a classic study based on autopsies of 1,500 TB patients in which he documented the 

histopathologic features of human TB lesions and quantified the associated number of Mtb bacilli 
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(3). Based on the work of Canetti and others, human pulmonary TB lesions can be categorized by 

several key features. These include i) whether the center of the granuloma is cellular (dominated 

by mononuclear infiltrate) or acellular (dominated by necrosis, or calcification), ii) whether a 

fibrotic rim is present (“walling off” the granuloma from the surrounding lung alveoli) or absent 

(the aggregate of macrophages and lymphocytes spreads to fill surrounding alveolar space in a 

“tuberculous pneumonia”), and iii) whether erosion of the granuloma into an airway is present, 

creating an open cavity that exposes remnants of the necrotic core and Mtb to the airway (4). The 

organization of a classic mature TB granuloma is illustrated in Figure 1.1, featuring an acellular 

core composed of necrotic cell debris and Mtb bacilli, an inner rim of infected and uninfected 

mature macrophages, and a peripheral layer of T cells and B cells (2). Individuals with TB typically 

have multiple foci of infection in their lungs. Recent studies using 18Fluorodeoxyglucose PET-CT 

imaging to track sites of inflammation have illustrated the dynamic nature and heterogeneity of 

human TB granulomas (5, 6). Correlations between various host immune responses and the control 

of Mtb pathogenesis is an area of interest in the field and its relevance is briefly discussed below. 

Given the limitations of working with human TB samples, a variety of animal models (e.g. 

mice, zebrafish, rabbits, guinea pigs, and non-human primates) have been developed to augment 

our understanding of Mtb pathogenesis (4). Each of these recapitulates some aspects of human TB, 

but has its own drawbacks. The most accessible of these include standard inbred mouse strains, 

and the C3HeB/FeJ mouse. Mice can be infected with various Mtb strains, and have contributed 

significantly to our mechanistic understanding of Mtb pathogenesis. Mice infected with Mtb 

display a robust immune response and form cellular lesions characterized by admixed 

macrophages, lymphocytes, and neutrophils. These lesions contain many of the same cell types as 

human granulomas and the Mtb bacilli are mainly found intracellularly within macrophages during 
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chronic infection (7). However, relatively resistant mice do not form highly organized granuloma 

structures, and they lack features like necrosis, fibrosis, calcification, and sustained hypoxia found 

in human lesions (4). One alternative approach is to infect the genetically susceptible C3HeB/FeJ 

mouse (8). C3HeB/FeJ mice develop heterogeneous type I IFN- and neutrophil-driven pathology 

that includes development of well-organized necrotic granulomas during chronic infection and is 

characterized by high extracellular bacterial numbers (7, 9-11). Recently-introduced strategies for 

improving mouse models of TB include establishment of an ultra-low dose aerosol infection model 

and use of outbred, genetically-diverse groups of mouse strains (12-14). These replicate features 

such as heterogeneous Mtb burdens and diverse granuloma features. By contrast, non-human 

primates, specifically cynomolgus macaques, are the animal model that most closely replicates the 

full spectrum of human TB disease and pathology (15). Studies using the macaque model have 

contributed novel insights into the complexities of Mtb pathogenesis. However, logistical 

challenges of this model prohibit widespread use, and the heterogeneity and paucibacillary nature 

of the resulting infection can actually be disadvantageous for some studies. Another useful model 

for Mtb infection is the zebrafish, in which Danio rerio is infected with Mycobacterium marinum. 

This model has been leveraged most notably for live imaging studies, due to the optically clear 

nature of the zebrafish larvae (16). Combining data from across these models and comparing it to 

observations from humans has created a general framework for understanding the initiation and 

progression of Mtb infection. However, many of the specific roles of host responses to Mtb remain 

debatable, and are outside the scope of what is relevant to this study.  

 

1.1.2 Key features of M. tuberculosis pathogenesis  

Early events during infection 
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An infection begins when Mtb transmitted in aerosolized respiratory droplets is inhaled, 

reaches the alveolar space, and is phagocytosed by resident alveolar macrophages (AMs). To infect 

the deep gas-exchanging regions of the lung where AMs reside, Mtb presumably surpasses several 

first-line airway defenses, including the mucociliary clearance system and antimicrobial peptides 

(17). Mtb that reaches the lower airway accesses the alveoli, which contain AMs and alveolar 

epithelial cells coated by alveolar lining fluid (17). Direct knowledge of the earliest interactions 

between Mtb and lung immune cells (<14 days post-infection) has only emerged recently due to 

technical challenges, but it is generally thought that AMs are the first professional phagocytes Mtb 

encounters during initial infection. Cohen et al. demonstrated that AMs are the initial reservoir for 

Mtb infection and replication during the first 2-7 days post-infection, using a standard mouse 

model (18). As the infection progressed (>14 days post-infection) Mtb was increasingly distributed 

in recruited phagocytes (neutrophils and monocyte-derived cells) rather than AMs. Infected AMs 

mediate this transition by traversing from the alveolar space through the airway epithelium into 

the lung interstitium and proliferating, forming aggregates of infected cells that are predecessors 

of granuloma formation (18). This interstitial transition eventually corresponds with the spread of 

Mtb to other myeloid cells in the interstitium, including DCs, interstitial macrophages, recruited 

neutrophils, and monocytes or monocyte-derived cells (18-20).  

After infection, but prior to the initiation of T cell immunity, the number of bacteria in the 

lungs increases, illustrating that the immune cells Mtb spreads within during this stage are not able 

to halt its proliferation (21). In mice, AMs infected with Mtb are relatively permissive to bacterial 

replication, and infected AMs as well as bystander cells mount a delayed pro-inflammatory 

response that isn’t detected until ~10 days post-infection (19, 22, 23). Briefly, the pro-

inflammatory response of resident and recruited myeloid cells during Mtb infection includes direct 
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or indirect stimulation of cytokine (e.g. TNFa, IL-6, IL-12, Type I IFNs, IL-1a/b, IL-10) and 

chemokine (e.g. CCL-2, -3,-4,-5,-17, CXCL-2,-3,-10) production (24). These factors ultimately 

contribute to mature granuloma formation by coordinating phagocyte activation, activation of T 

cell and B cell responses, and innate and adaptive cell recruitment, accumulation, and organization 

in the granuloma structure (24). There is no consensus on the exact mechanisms by which Mtb 

spreads from infected to uninfected cells during nascent granuloma formation, but macrophages 

and neutrophils that die by necrosis are thought to release Mtb into the tissue during lysis and 

facilitate spread of the bacteria to recruited phagocytes (25). In contrast, infected macrophages that 

die by apoptosis are hypothesized to be more protective for the host by containing the bacteria 

within the apoptotic cell after death and facilitating efferocytosis (25).  

 

Events during the chronic stage of infection 

When considering development of novel TB antibiotics, the features of granulomas present 

during chronic infection are more relevant to consider because they dictate the microenvironmental 

conditions the bacterium survives within at the anticipated time of treatment. This influences 

which bacterial adaptations are required for survival and drug tolerance, and therefore represent 

targets of interest for new antibiotics. The transition from nascent to mature granuloma formation 

during Mtb infection is typically marked by the development of an adaptive immune response in 

lung-draining lymph nodes. It is generally accepted that initiation of the adaptive response to Mtb 

is relatively delayed (~7-11 days post-infection in mice), which has been attributed to dysregulated 

migration and sub-optimal T cell stimulation by infected DCs and interstitial macrophages (26, 

27). The migration of infected DCs and macrophages disseminates Mtb to extrapulmonary sites, 

including draining lymph nodes and eventually the spleen. As illustrated in Figure 1.1, antigen-
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specific T and B cells are activated, recruited to the mature granuloma, and organized around the 

periphery of the focus of infected macrophages and neutrophils. Effector CD4+ T cells are an 

essential component of a protective immune response to Mtb, and a variety of T cell phenotypes 

can be identified in each granuloma and correlated with differential lesion sterilizing capacity (28-

31). CD8+ T cells and B cells are also associated with granulomas, and whether these play a more 

significant role in protection against Mtb than initially predicted is and ongoing area of 

investigation (30, 32, 33).  

 

Accumulation of lipids during Mtb infection 

Importantly, macrophages undergo phenotypic changes within mature granulomas. They 

can fuse with one another to form multinucleated giant cells, develop into tightly interdigitated 

networks of epithelioid histiocytes, or accumulate lipid droplets to transform into foam cells (34). 

Foamy macrophages are associated with a number of maladaptive responses during Mtb infection 

including granuloma necrosis and tissue damage, increased lipid nutrient availability to Mtb and 

expansion of lipid-rich caseum, promotion of drug-tolerant non-replicative bacteria, dampened 

expression of pro-inflammatory cytokines, and impaired cell-autonomous antimicrobial functions 

such as phagocytosis (35-38). Recent work on foam cells has emphasized the context-specific 

nature of their biogenesis during different infectious, autoimmune, or metabolic diseases, and 

proposed that the composition of the lipid droplets stored in foam cells during Mtb infection is 

distinct from those generated during atherosclerosis (35, 39). Macrophage regions sampled from 

necrotic TB granulomas in animal models were more enriched in triglyceride species than free 

cholesterol or cholesteryl esters, while atherosclerotic lesions contain foam cells enriched 

primarily in cholesterol species (39). This finding was not verifiable in the limited number of 



 8 

human lesions that were examined, but was reproduced in lipid droplets formed by human 

monocyte-derived macrophages infected with Mtb in vitro. This study also found that the lipid 

species signature of the granuloma caseum matches the signature of the macrophages surrounding 

it, which supports the hypothesis that dead macrophages release stored lipids that contribute to 

caseum formation over time. This is consistent with earlier findings published by Kim et al. who 

characterized the host cell expression signature and lipid composition of caseous lung granulomas 

resected from patients with severe TB disease (40). Caseous granulomas were characterized by 

transcriptional upregulation of a network of interconnected lipid synthesis genes, increased 

expression of two proteins involved in lipid synthesis/sequestration in the central caseum and 

surrounding cells relative to nascent or resolved lesions, and the presence of foam cells identified 

by neutral lipid staining (40). Caseous granulomas were enriched in triacylglycerol, cholesterol, 

and cholesterol esters relative to uninvolved, normal lung tissue (40). Interestingly, earlier studies 

using a mouse model intravenously infected with Mycobacterium bovis found that the progression 

of severe disease was associated with an increase in the proportion of cholesterol esterified with 

fatty acids in the lungs (41). Intracellular lipid body inclusions were also present in 3-86% of Mtb 

cells in the sputum of smear-positive TB patients, which is associated with a slow growing or 

persistent bacterial phenotype (42). Taken together, the data indicates that lipid accumulation is a 

defining characteristic of Mtb infection in vivo, and that triglycerides, cholesterol, and cholesterol 

esters are major lipid species enriched in mature granulomas.  

A number of pro-lipogenic signals present during Mtb infection have been proposed to 

promote foam cell biogenesis, including components of the mycobacterial cell wall (oxygenated 

keto- and hydroxyl-mycolic acids), the secreted bacterial protein ESAT-6 and Gi protein-coupled 

receptor GPR109A signaling, TNFa signaling, IFNγ/HIF1a signaling, and hypoxia (36, 37, 39, 
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40, 43, 44). Current hypotheses addressing how Mtb utilizes host-derived fatty acids and 

cholesterol during infection are discussed in Chapter 2.1.  

 

The continuum of tuberculosis disease states 

It has become increasingly clear that individuals infected with Mtb experience a spectrum 

of disease presentations that develop over the course of months or years after the initial exposure. 

However, pulmonary TB has traditionally been divided more simply into latent or active disease 

in clinical and public health settings based on available testing criteria (Table 1.1). Both latent TB 

infection (LTBI) and active TB are characterized by a positive tuberculin skin test (TST) and/or 

IFN-γ release assay (IGRA) result (45). Because the TST and IGRA tests are not able to 

differentiate the presence of viable Mtb from a previously-resolved infection or poorly-primed 

immune response to Mtb, additional criteria are used to distinguish active TB from LTBI. Active 

pulmonary TB is characterized by the presentation of one or more disease symptoms, chest X-ray 

abnormalities, and positive sputum smear, nucleic acid amplification, and/or culture tests to 

confirm the presence of Mtb bacilli (45, 46). In contrast, LTBI is traditionally defined based on 

the absence of clinical symptoms, negative sputum smear, and normal chest radiograph (45-47). 

An estimated 5-15% of infected individuals progress to active TB within 2-5 years after the initial 

exposure, referred to as primary TB (47, 48). This means that the majority of immunocompetent 

individuals infected with Mtb develop LTBI after the primary infection. However, LTBI confers 

an estimated 5-10% lifetime risk of later progression to active TB disease (49). The delayed 

development of active disease after a latent period following the initial infection is referred to as 

post-primary or reactivation TB. Each individual’s actual risk of developing post-primary TB is 

influenced by numerous factors including frequency of reinfection, age, co-morbidities, and access 
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to pre-emptive antibiotic treatment (45, 49-51). Both primary and post-primary TB permit the 

transmission of Mtb, as viable bacteria released from poorly-controlling granulomas access the 

airways and are expelled in aerosolized droplets during coughing or talking. The contagious spread 

of Mtb between human hosts is essential to the continued survival of this pathogen, as humans are 

the only natural reservoir of Mtb (50).  

 

The local immune response at the level of each granuloma influences disease outcome 

Importantly, the binary distinction between active TB and LTBI has been challenged 

recently, in favor of models that better encompass the spectrum of disease states generated by the 

complex, heterogeneous pathogenesis underlying Mtb infection. These disease states include i) 

elimination of infection, with varying degrees of adaptive immune cell priming, ii) unresolved but 

well-controlled infection, with quiescent disease symptoms, iii) marginally-controlled infection, 

with subclinical disease symptoms and intermittent positive culture test results, and iv) poorly-

controlled infection, with clinical disease symptoms (46, 52). These disease states have been 

proposed to align with a spectrum of underlying granuloma responses to the bacterium, categorized 

by the ability of each granuloma to restrict or resolve Mtb infection and the presence of different 

immune cell subtypes (2).  

As mentioned above, it has long been appreciated that the granulomas that develop during 

Mtb infection are varied in their structures and cellular composition, but recent advances have 

begun to unravel how different lesion features influence TB disease progression (3, 4). In a key 

study, Lin et al. assessed the degree of bacterial killing within individual lesions using a macaque 

model of Mtb infection that generates animals with active disease or LTBI, and heterogeneous 

lesion histopathology in individual animals (53). While lesions from the active disease group had 



 11 

higher bacterial numbers on average than lesions from LTBI animals, individual lesions from both 

the active and latent groups had a wide distribution of bacterial burdens that largely overlapped, 

and a variable number of sterilized lesions were present in both groups (53). The bacterial killing 

capacity of lesions from both the active disease and LTBI groups were also widely variable from 

lesion-to-lesion, even within individual animals (53). Overall, the average lesion bacterial killing 

capacity was similar in the active disease and LTBI groups, but sites of severe pathology (e.g. TB 

pneumonia) in animals with active disease had diminished bacterial killing capacity (53). 

Subsequent studies of lesion-to-lesion heterogeneity correlated inflammation or immune cell 

signatures at the local granuloma level with disease status, bacterial abundance or sterilization, 

restriction of dissemination to new lesions, and/or protection of surrounding lung tissue (29, 54-

56). For example, isolated granulomas within individual macaques display heterogeneous T cell 

cytokine profiles, and the cytokine profiles overlap substantially between hosts with active disease 

and LTBI (29). However, when examined independently of disease status, sterile granulomas had 

modest increases in T cells producing certain cytokines (TNFα, IL-17, IFN-γ, and/or IL-2), and 

lesions with cells producing a combination of anti-inflammatory IL-10 with pro-inflammatory IL-

2, IL-17, or TNFα were the most likely to be sterile (29). Substantial overlap in the characteristics 

of individual lesions were present for both active and latent disease groups in these studies. 

Importantly, where longitudinal measurements of these characteristics for individual lesions are 

not available, it is unclear whether the identified signatures precede and drive a particular lesion 

trajectory, or are simply associated with the lesion state at the time of sample collection. 

Collectively, the data on lesion-to-lesion heterogeneity supports a model in which each granuloma 

in a given host represents an individual microenvironment featuring an individual capacity for 

bacterial control and disease resolution that is significantly defined by the interplay between 
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immune cells and Mtb at the local level. This model also proposes that a small and variable number 

of unresolved and poorly controlled lesions in each individual host underlies the spectrum of LTBI, 

sub-clinical, and active TB disease outcomes.  

Why all granulomas in an individual host do not follow parallel fates, despite existing in 

the context of one overarching systemic immune response, is not clear mechanistically. Systemic 

correlates of active TB versus LTBI have also been identified from blood signatures and are 

included below, but the dynamic between these peripheral signatures and immune responses at the 

local level of individual lesions is not completely defined. This is partly because collecting 

matched blood and granuloma tissue from humans with active TB versus LTBI is prohibitive. 

Recent studies using animal models have begun to address this. Both blood transcriptional 

signatures and trajectories of lesion inflammation early after infection can predict disease 

progression, suggesting that early innate immune responses likely skew the outcome of individual 

lesions significantly (55, 57, 58). Whole blood signatures do not necessarily indicate peripheral 

immune responses that themselves proceed to influence disease progression at the level of 

individual lesions, and may alternatively be understood as a limited downstream reporter of select 

(type I IFN- and neutrophil-related) interactions occurring between Mtb and immune cells at local 

sites of infection (54, 57-60). As host correlates of protection or progression have been identified, 

a model in which the local balance of anti-inflammatory and pro-inflammatory mediators is critical 

for control and resolution of Mtb infection is emerging (2, 12). This model is partly based on 

examples where both insufficient and excessive immune responses via certain cytokines or cell 

types have been found to drive TB disease progression, as described below.  
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Figure 1.1 The organization of a classic mature TB granuloma. The acellular core is 
composed of necrotic cell debris and Mtb bacilli. An inner rim of infected and uninfected 
macrophages of different phenotypes surrounds the necrotic core. A peripheral layer contains T 
cells and B cells, which can be surrounded by fibrosis. Reproduced with permission from (2). 
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Table 1.1 Testing methods used to distinguish TB disease status.  
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1.1.3 Host Correlates of Protection and Disease  

 Hallmarks of failed pulmonary granulomas in TB include erosion into the surrounding lung 

parenchyma, liquefaction of the central necrotic caseum leading this material to “discharge through 

an eroded airway or pleural space” which creates an open cavity, accompanied by a high bacterial 

burden (4, 38). When the cavity and its inverted material coincides with an airway it permits 

extracellular Mtb to access this space, allowing the bacteria to be expelled and transmitted. Three 

examples of components of the host immune response that significantly influence the progression 

of granulomas toward host protection versus disease are discussed here. How each of these are 

interconnected with networks of other immune mediators relevant during Mtb infection in vivo is 

a complex and poorly-understood point of ongoing investigation (61). These three host factors are 

highlighted because they overlap with immune factors that may be influenced by treatment with 

Rv1625c agonist compounds during Mtb infection, discussed in Chapter 5.  

 

TNFα 

 TNFα is a major pro-inflammatory mediator that can be produced by macrophages, natural 

killer (NK) cells, and T cells. It triggers a range of downstream signaling events through the 

receptors TNFR1 and TNFR2, which are expressed by cells in all tissues or by specialized subsets 

of cells, respectively (24, 62). TNFα signaling can activate inflammatory signaling and cell 

survival, proliferation, and differentiation via the transcription factors AP-1 and NF-κB, or it can 

promote cell death through activation of necrosis or caspase-dependent apoptosis (62). During Mtb 

infection, a threshold of TNFα is required for host protection, but excess TNFα is a mediator of 

tissue damage and disease progression (24, 63). Treatment with anti-TNFα biologics for unrelated 

inflammatory diseases increased the incidence of LTBI reactivation, suggesting a requirement for 
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a certain threshold of TNFα to prevent disease progression in humans (63, 64). This was also 

observed in mouse and macaque models, where systemic neutralization of TNFα or deletion of its 

receptor resulted in hypersusceptibility to Mtb, including increased bacterial burden, disruption of 

the focal granuloma structure, increased dissemination of bacteria to extrapulmonary tissues, and 

increased necrosis (63, 65). The mechanisms through which TNFα coordinates protection against 

Mtb during in vivo infection are not well defined, but one possible mechanism is enhanced 

activation of cell-autonomous macrophage functions that are proposed to help control Mtb growth 

(e.g. nitric oxide synthase, guanylate binding proteins, antimicrobial peptides) (12, 63, 66). 

Additionally, TNFα may contribute to host protection by coordinating recruitment of immune cells 

to the lung critical for granuloma formation and maintenance (e.g. enhancing secretion of CXCL9, 

CXCL10, and CCL5 from macrophages to recruit T cells and B cells) (67).  

On the other hand, excess TNFα has also been proposed to promote disease susceptibility 

and immunopathology, possibly by driving programmed necrosis of infected macrophages. While 

the role of apoptosis in host protection against Mtb is controversial, necrosis of infected 

macrophages is generally considered detrimental to the host (63). Current ideas about the 

consequences of excess TNFα during Mtb infection are intertwined in a complex manner with 

eicosanoid signaling and induction of necrosis. Genetic polymorphisms that generate increased 

production of the pro-inflammatory eicosanoid leukotriene B4, which induces neutrophil, 

macrophage, and T cell recruitment, were associated with upregulation of Tnfa in the zebrafish 

model (68). In this model, the high-LTB4 genotype drove disease susceptibility primarily through 

enhanced TNFα and macrophage necrosis, and susceptibility was rescued with genotype-matched 

immunotherapy to counter the excess LTB4/TNFα signaling (68). Consistent with this idea, a 

cohort of human patients with a homologous high-LTB4 genetic polymorphism benefitted 
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disproportionately from dexamethasone therapy during treatment for TB meningitis compared to 

patients with alleles that generate intermediate- or low-LTB4 phenotypes (68). However, data from 

treatment with a more specific anti-TNFα immunotherapy in this population to link this outcome 

directly to TNFα, was not included. Importantly, many details of this model have yet to be 

elucidated in more relevant murine or macaque models, and during pulmonary Mtb infection. 

Notably, in a screen for correlates of disease using a genetically diverse, outbred panel of mice 

infected with Mtb, Niazi et al. found that levels of TNFα in the lung were strongly correlated with 

disease susceptibility and bacterial burden, but it is unclear if excess TNFα signaling is driving 

this phenotype or is better understood as a consequence of higher Mtb burden (60, 69). Overall, 

TNFα deficiency may lead to necrotic death of phagocytes through unrestricted Mtb growth and 

higher bacterial burden in each cell; in the case of excess TNFα, it may drive pro-necroptosis 

signals in phagocytes despite maintaining better short-term cell-autonomous control of Mtb (63, 

69). In both cases, increased necrosis of infected cells would be detrimental to the host as Mtb 

escape into the extracellular environment to replicate and disseminate, and immunogenic cellular 

contents are released from the ruptured cell (69). Detailed mechanistic explanations of how the 

balance of TNFα impacts TB disease outcome, including how TNFα and other cytokines interact 

with one another during Mtb infection, await further investigation (61).  

 

Neutrophils  

 Many details of the host-protective and host-detrimental roles of neutrophils during 

different stages of Mtb pathogenesis remain controversial. Neutrophils play essential host-

protective roles in combatting pulmonary bacterial infections by releasing bactericidal products 

through degranulation, engulfing bacteria through phagocytosis and delivering bactericidal agents 
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via fusion with the lysosome, or trapping bacteria in neutrophil extracellular traps (NETs) (70). In 

TB, neutrophils have occasionally been attributed a positive role in early protection after infection 

and additional antimycobacterial effector functions like efferocytosis of infected macrophages and 

enhancement of CD4+ T cell priming have been explored (71). However, mounting evidence 

correlates excessive neutrophil responses during Mtb infection with pathology and poor disease 

outcome. This may be attributable to specific subset(s) of neutrophils, but this is currently 

unknown. Active TB disease is associated with a higher proportion of neutrophils containing 

intracellular Mtb than macrophages in samples from resected human lung tissue, sputum, and 

bronchoalveolar lavage fluid (72). Similarly, granulomas from macaques with active TB 

accumulated more neutrophils producing inflammatory S100 proteins than those with LTBI (73). 

S100-producing neutrophils were also identified in lesions from humans with active TB, and S100 

protein levels in the serum correlated with increased levels of the neutrophil-attracting chemokine 

CXCL1 in the serum (relative to healthy control, LTBI, or rheumatoid arthritis patients), increased 

neutrophils in the blood, and more severe lung damage (73). In genetic screens using outbred, 

genetically diverse populations of mice, higher levels of neutrophils and neutrophil-attracting 

chemokines (especially CXCL1, CXCL2, and CXCL5) in lung samples correlated with disease 

severity after Mtb infection, a feature that was conserved in human blood and macaque lung 

samples (12, 60, 73). Susceptibility in these mice was also positively correlated with CXCL1 levels 

in plasma and the degree of lung pathology including granuloma size, necrosis, and disruption of 

surrounding lung tissue (60). Independently, peripheral signatures of neutrophil recruitment and 

activation were correlated with disease severity in a model comparing susceptible C3HeB/FeJ 

mice to relatively resistant C57BL/6J mice (10).  
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Multiple knockout mice in a C57BL/6J background have also been described in which 

disrupting a single gene (Irg1, Bhlhe40, Atg5, Ifng, or Nos2) was sufficient to generate neutrophil-

mediated immunopathology associated with higher bacterial burden and/or early death within 40 

days post-infection with Mtb (74-78). Depleting neutrophils with an anti-Ly6G antibody was 

sufficient to prolong survival and reduce Mtb burden in both Irg1-/- and Atg5-/- mice, suggesting 

that neutrophils have a direct role in driving disease progression (75, 76). T cell-derived IFN-γ and 

its ability to induce nitric oxide production in macrophages have been assumed to promote host 

protection by enhancing the capacity of macrophages to restrict Mtb growth; however, nitric oxide 

has been proposed to play an alternative role in limiting pathways that lead to neutrophil-associated 

immunopathology and unrestricted bacterial growth during Mtb infection (77, 78). IFN-γ was 

proposed to limit neutrophil-driven pathology by inducing nitric oxide production in macrophages, 

which suppresses an IL-1- and 12/15-lipoxygenase-dependent neutrophil recruitment pathway 

during Mtb infection (77, 78). Inhibiting IL-1 receptor signaling, depleting granulocytic 

precursors, depleting neutrophils with an anti-Ly6G antibody, and/or inhibiting CXCR2 signaling 

reduced neutrophil accumulation in the lungs and restored control of Mtb growth in Nos2-/- mice 

(77-79). Elevated type I IFN signaling, which is another consistent correlate of progressive TB 

disease, may also promote poor disease outcomes in part by enhancing neutrophil recruitment and 

activation in an IFN receptor-dependent manner, and indirectly driving excessive NET formation 

(11, 80). This is consistent with an emerging role for excessive neutrophil recruitment and NET 

formation as a correlate of disease in bacterial pneumonia and other lung-related diseases besides 

TB (81). Therefore, rather than contributing a primarily antimicrobial function, enhanced 

neutrophil accumulation contributes to poor disease outcomes in TB, including a growth-

permissive granuloma environment for Mtb that is replete with iron and lipid nutrients (77, 79). 
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While direct causation has not been established, high numbers of neutrophils, increased bacterial 

burden, and the liquefaction of caseous necrotic granulomas have been repeatedly associated with 

one another (3, 11, 38). Collectively, these studies support the conclusion that neutrophils play a 

prominent role in the progression of active TB disease, and that exploring therapeutics to 

counterbalance excessive neutrophil accumulation may improve bacterial control and reduce tissue 

damage in hosts with progressive TB disease.   

 

IL-1 

 IL-1 (IL-1α and IL-1β) is generally considered to play an essential, host-protective role 

during Mtb infection. Most innate immune cells can produce IL-1α/β in a tightly-regulated manner, 

and many tissue cells constitutively express pro-IL-1α that can be released in a cleaved, active 

form during necrosis (82). Given that both are ligands for the same receptor, IL-1α and IL-1β 

primarily differ in their activation pathways, which require proteolytic processing to activate 

signaling activity (82). IL-1α and IL-1β are agonists of the receptor IL-1R1, which is expressed 

by a variety of cells including endothelial cells, epithelial cells, macrophages, and sometimes T 

cells (82). The downstream effects of IL-1 are wide-ranging and cell type dependent. For example, 

IL-1 has indirect roles in stimulating emergency differentiation of myeloid cells in bone marrow, 

enhancing immune cell recruitment by facilitating diapedesis and inducing chemokine expression, 

promoting neutrophil degranulation and NET formation, and activating platelet aggregation (82). 

IL-1 can also promote proliferation and polarization of Th17 cells, prime dendritic cell maturation, 

and has a direct role in stimulating expression of NFκB-dependent cytokines (82).  

Evidence for the host-protective role of IL-1 in TB comes from the murine model, in which 

knocking out IL-1R1, IL-1α, or IL-1β on a C57BL/6J background is sufficient to generate 
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susceptibility to Mtb, including increased pulmonary bacterial burden, death by 40 days post-

infection, and lung necrosis (83, 84). Receptor deficient (Il1r1-/-) or double-deficient (Il1a-/-, Il1b-

/-) mice exhibit higher bacterial burden than mice that lack either IL-1α or IL-1β alone, and 

compensatory production of these cytokines was not observed in single-deficient mice (83). These 

observations suggest that the functions of IL-1α and IL-1β in host resistance to Mtb are either non-

redundant or at least complementary to one another (83). Intracellular cytokine staining identified 

pulmonary inflammatory monocyte-macrophage and DC populations that are sources of IL-1 at 3-

4 weeks post-infection, while pulmonary neutrophils were negative for IL-1 (83). Surprisingly, IL-

1 dependent control of Mtb replication occurs through a mechanism that is not cell-autonomous; 

IL-1R signaling in either non-hematopoietic or hematopoietic cells in vivo is necessary and 

sufficient to maintain host protection in a paracrine fashion (85).  

There is currently limited understanding of the mechanisms through which IL-1α and IL-

1β protect the host during Mtb infection. One beneficial role of IL-1 signaling identified in the 

murine model is preferential induction of the eicosanoid prostaglandin E2 (PGE2) in the lung. In 

this regulatory network, the IL-1/PGE2 pathway suppresses type I IFN production (86). 

Downstream, suppressing type I IFN signaling is proposed to be host-protective by limiting 

induction of the immunosuppressive cytokine IL-10 and preventing excessive recruitment of 

susceptible macrophages and neutrophils to the lung (86). In plasma samples from TB patients, 

severe disease could be distinguished from mild disease based on reduced IL-1 and/or increased 

type I IFN signaling which was associated with a decreased balance of PGE2 relative to other 

eicosanoids (86). Indeed, IL-1R1 deficient mice are partially rescued during Mtb infection when 

type I IFN receptor signaling is disabled, confirming that enhanced type I IFN signaling is a driver 

of disease susceptibility when IL-1 signaling is defective (86). Susceptibility to Mtb in IL-1-
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deficient mice was also partially rescued by therapeutic administration of PGE2, but it is not yet 

known what additional functions of IL-1 are necessary to achieve full rescue of host protection 

(86).  

Briefly, there are multiple native mechanisms that counter-regulate IL-1 production and 

signaling. For example, type I IFNs and IFNγ have both been implicated in suppressing IL-1 in 

macrophages and/or DCs during Mtb infection (78, 83, 86). Type I IFNs can mediate this directly 

by suppressing IL-1 production by pulmonary myeloid cells, or indirectly by inducing IL-10 or 

upregulating the competitive IL-1R1 antagonist, IL-1Ra (9, 83). Importantly, the balance between 

IL-1Ra and IL-1 influences the overall impact this has on IL-1 signaling, and can be influenced by 

bacterial load or the time post-infection (9). The decoy receptor IL-1R2 can also help balance the 

potent pro-inflammatory response of IL-1 (82). In some contexts, unbalanced IL-1 has been found 

to promote immunopathology. As discussed above, in the context of nitric oxide deficiency, 

increased IL-1 drives detrimental inflammation independent of bacterial burden, and unregulated 

IL-1 is associated with neutrophil recruitment and neutrophil-driven pathology (77, 78). Although 

plasma and bronchoalveolar lavage samples have different relationships to TB disease status, IL-

1β levels were increased in lung samples from active TB patients compared to healthy controls 

(86, 87). Overall, IL-1, PGE2, type I IFN, and IL-10 have been assigned a complex role within a 

“counter-regulatory loop” at the center of host resistance to Mtb (Figure 1.2). Many details of how 

the balance of IL-1 signaling functions in this complex network, especially during chronic 

infection and in humans, have not yet been characterized.  
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Figure 1.2 Counter-regulation of mediators at the center of infection control in TB. Adapted 

from (88).  
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1.2 Tuberculosis treatment and challenges to control measures 

1.2.1 Introduction 

 Annually ~10 million people are afflicted with TB and ~1.4 million people die from TB 

disease (89). The onset of the COVID-19 pandemic has complicated TB diagnosis and reporting 

since 2020 and created setbacks in TB control measures, evidenced by a rise in TB deaths for the 

first time in over a decade (90). Given the current absence of a highly effective vaccine against 

TB, antibiotics remain an essential tool to reduce TB transmission and mortality (91). Over the 

last 20 years, approximately 50 million people worldwide were successfully treated with front-line 

TB antibiotic regimens (89). Despite this success, TB antibiotic regimens still have substantial 

drawbacks, and ongoing efforts to identify new antibiotics that more effectively target Mtb during 

infection remain important.  

 

1.2.2 Current antibiotic regimens and their drawbacks 

 It is useful to divide drug treatment regimens for TB into two categories: treatment for 

drug-sensitive TB and treatment for drug-resistant TB. The standard treatment regimen for drug-

susceptible TB requires a 2 month intensive phase with the front-line drugs isoniazid (INH), 

rifampicin (RIF), pyrazinamide (PZA), and ethambutol (EMB), followed by a 4 month 

continuation phase with INH and RIF alone (92). Drug-susceptible TB treatment has an ~85% 

success rate (89). For drug-susceptible LTBI, shorter 3 to 4 month courses including only INH and 

RIF/rifapentine are acceptable. Drug-resistant TB treatment is successful much less often (~56% 

success rate) (89). Treatment for drug-resistant TB is universally more complicated, lengthy, and 

side-effect prone than treatment for drug-susceptible TB (92). Multi-drug resistant TB (MDR-TB) 

is defined by resistance to both RIF and INH, while extensively drug-resistant TB (XDR-TB) is 
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additionally resistant to any fluoroquinolone and at least one injectable second-line drug (92). 

Globally, an average of 3.4% of new cases and 18% of previously treated TB cases are classified 

as MDR-TB or RIF-resistant TB, and approximately 6.2% of MDR-TB cases are also extensively 

drug resistant (89). Because the most safe and effective front-line TB antibiotics are rendered 

ineffective in these cases, treatment for MDR-TB requires healthcare providers to follow a 

stepwise approach to generate complex regimens composed of lower-tier drugs. When possible, 

this is guided by drug-susceptibility testing. A regimen composed of at least four likely-active 

drugs pulled from the highest-efficacy tier possible in each case is given for a minimum of 8 

months, followed by a continuation phase of 12-18 months (92). MDR-TB regimens are 

impractical and more prone to generate toxic side-effects, such that ~15% of patients default on 

their treatment; this perpetuates opportunities for further drug-resistant strains of Mtb to develop 

and spread (89). Bacterial targets of various clinically relevant TB antibiotics are summarized in 

Figure 1.3. Although the newly-developed Nix-TB regimen (bedaquiline, pretomanid, and 

linezolid for 6 months) conferred a positive outcome in 90% of MDR-TB patients studied, more 

than half also experienced severe adverse events, usually derived from linezolid (93). While a 

regimen successfully combining three oral drugs like this one is a huge improvement over past 

options for MDR-TB, this illustrates why identifying new antibiotics that have better safety 

profiles and/or that can shorten this regimen further to preclude development of side effects 

continues to be a priority. 

 Current TB treatment regimens have downsides that are driving the search for new TB 

antibiotics. As indicated above, TB treatment is long and prone to causing side-effects. Even when 

treatment is completed, insufficient bacterial clearance is thought to be partly responsible for 

recurrent TB disease in a small proportion (~1-9%) of people within 1-2 years (6, 94, 95). Recent 
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efforts to shorten treatment have been associated with an increase in the relapse rate, and there is 

no clinical protocol in place to predict which patients could achieve durable cure with a shorter 

regimen (94). As discussed below, these issues are both related to adaptations of Mtb that are 

thought to generate populations of the bacteria that are killed more slowly or require higher 

concentrations of antibiotic exposure before they are eliminated. Different antibiotics also have 

different abilities to penetrate mature granulomas, potentially creating local regions of 

subinhibitory concentrations or monotherapy despite administration of multiple drugs (96). This 

has led some groups to postulate that host-directed therapies intended to “loosen” the peripheral 

granuloma structure will enhance access of antibiotics or immune cells to the bacterium and 

facilitate cure (63, 97, 98). Individual granulomas exhibit dynamic and heterogeneous responses 

early during antibiotic treatment; within a single host, some granulomas improve but unresponsive, 

worsened, or new lesions are observed simultaneously via 18F-FDG PET-CT imaging (5). Even 

after treatment is completed and Mtb is no longer culturable from sputum samples, it is common 

for lung lesions to persist and patients to present post-TB pulmonary impairment (6, 99, 100). Both 

actively inflamed lesions and Mtb mRNA in bronchoalveolar lavage samples were commonly 

detectable at the end of successful treatment and 1 year afterwards, and this was not exclusive to 

patients who developed relapsed TB (6). This demonstrates the dual challenge of durably 

eliminating Mtb from the body and identifying therapies that promote lesion healing during or 

after treatment. Therefore, major goals of TB antibiotic research include generation of new 

regimens composed of drugs with novel targets that are active against drug-resistant TB, and/or 

introduction of new drugs that can shorten the duration of treatment by facilitating durable 

bacterial clearance faster.  
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1.2.3  M. tuberculosis adaptations that challenge antibiotic treatment 

Features of Mtb that challenge antibiotic treatment can be broadly divided into three 

categories: drug resistance, drug persistence, and drug tolerance. TB treatment requires 

combination therapy composed of antibiotics with multiple mechanisms of action to limit the 

evolution of drug resistance and to target multiple differentially-susceptible subpopulations of 

bacteria. Drug resistance is defined by the heritable ability of a bacterial strain to grow under 

exposure to concentrations of an antibiotic above the minimum inhibitory concentration (MIC) 

(101). This is retained despite long periods of exposure at the MIC, or re-exposure to the drug. In 

Mtb, drug resistance is perpetuated by vertically transmitted chromosomal mutations, rather than 

horizontal acquisition of resistance plasmids (102). Mechanisms of acquired resistance in Mtb 

include those that confer modifications to the drug target, overexpression of the drug target, 

reduced pro-drug activation, cleavage/chemical modifications of the antibiotic in the cell, or stable 

induction of efflux pumps (102). Intrinsic features of mycobacteria like their relatively 

impenetrable cell wall and slow growth rate also contribute to underlying drug resistance.  

 Distinctions between tolerance and persistence are often blurred. Both are distinguished 

from drug resistance by the acquisition of phenotypic changes during antibiotic exposure, in the 

absence of stable genetic changes or a change in the MIC (101). Persistence is used to describe a 

small subpopulation of bacteria within a given genotype that survive exposure to a bactericidal 

antibiotic at or above the MIC, despite the majority of the population being killed (101, 103). When 

surviving cells are expanded in the absence of antibiotic and then re-exposed, they exhibit the same 

phenotype. By definition, persistence implies that the underlying mechanisms are pre-existing or 

inducible differences in a subpopulation of the bacteria that confer survival compared to the 

majority of the population that is susceptible. Thus, examples of persistence driving mechanisms 
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in Mtb are typically linked with phenotypic heterogeneity in cellular processes within the 

population. Suggested mechanisms in Mtb include asymmetrical cell division, stochastic 

expression of an enzyme required to convert a pro-drug into its active form, or stochastic 

overexpression of the drug target (103).  

By contrast, tolerance describes a phenotypic trait present in many or most of the cells in a 

population that confers survival during transient exposure to an antibiotic at or above the MIC. 

This is typically associated with exposure to alternative environmental conditions that realign 

metabolism and halt the net growth rate of the bacterial population, rendering the target of an 

antibiotic less vital for bacterial survival (101, 103). Numerous conditions that promote growth 

arrest and antibiotic tolerance in Mtb have been described, including acidic pH, nutrient 

deprivation, oxygen limitation, and exposure to nitrosative stress (103). Importantly, Mtb tolerance 

to multiple TB antibiotics was enhanced within activated macrophages relative to resting cells 

isolated from infected mice, and was most strongly associated with nitrosative stress (104). 

Evidence of drug tolerance has been observed in other TB animal models and in human samples, 

and is thought to be associated with the lipid-rich caseum (38, 94, 103). Mtb adopts realignments 

in intersecting physiological pathways in response to host or antibiotic stress signals, conferring 

cross-tolerance to both environmental and antibiotic pressures. Generally, these include reduced 

growth rate, decreased protein biosynthesis, a shift away from aerobic respiration, maintenance of 

redox and ATP homeostasis, upregulation of lipid anabolism and storage, promotion of cell wall 

thickening, and transient upregulation of efflux pumps (105). Drug-specific tolerance mechanisms 

also exist, and the diverse mechanisms underlying tolerance are tightly linked to the conditions 

under which tolerance is induced (103, 105).  
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Figure 1.3 Bacterial targets of clinically relevant TB antibiotics. Isoniazid (INH) is a pro-drug 
that is converted to isonicotinoyl-NAD, which inhibits mycolic acid biosynthesis. Rifampicin 
(RIF) binds the RNA polymerase and inhibits RNA transcription. Pyrazinamide (PZA) is a pro-
drug that is converted to pyrazinoic acid, which has multiple downstream effects in the presence 
of low pH conditions via acidification of the cytoplasm and disruption of the proton motive force. 
Ethambutol (EMB) targets the arabinosyl transferase enzyme to inhibit arabinogalactan and 
lipoarabinomannan synthesis. Bedaquiline (BDQ) inhibits the ATP synthase enzyme, reducing 
ATP synthesis. Pretomanid is a pro-drug that has complex effects on replicating and hypoxic Mtb, 
including halting mycolic acid biosynthesis and donating nitric oxide which disrupts electron 
shuttling in the electron transport chain. Linezolid binds to 23S rRNA in the catalytic site of the 
50S ribosome, inhibiting protein translation. Reproduced with permission from (94), Copyright 
Massachusetts Medical Society.  
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CHAPTER TWO 

Physiology of M. tuberculosis 

 

2.1 The role of lipid utilization in M. tuberculosis pathogenesis 

Partially adapted from  

Cholesterol and fatty acids grease the wheels of Mycobacterium tuberculosis pathogenesis. Kaley 

M. Wilburn, Rachael A. Fieweger and Brian C. VanderVen. Pathogens and Disease. 76, (2018). 

 

2.1.1 Introduction 

 Since at least the 1940s, scientists studying TB have questioned how the physiology of 

Mycobacterium tuberculosis (Mtb) differs during infection compared to cultivation on artificial 

media in vitro (1). An early study that provided evidence that Mtb utilizes lipids during infection 

dates to the 1950s, when Segal and Bloch demonstrated that Mtb isolated from the lungs of infected 

mice preferentially increased respiration when cultured ex vivo with fatty acids, but not 

carbohydrates (2). In the decades since, abundant evidence has confirmed that lipids are prominent 

in the granuloma environment (Chapter 1.1) and that Mtb has an extensive network of genes 

dedicated to cholesterol and fatty acid utilization. Genetic screening has repeatedly indicated that 

lipid utilization is functionally important for the survival or persistence of Mtb during infection. 

Many of the details explaining how lipid utilization supports Mtb survival during infection are still 

being identified, but it is clear that cholesterol and fatty acids contribute to the physiology of Mtb 

in complex ways. This includes fueling central metabolism and synthesis of cell wall components 

or lipid storage molecules, which influence interactions of the bacterium with host immune cells 

via virulence lipids and/or promote changes in bacterial physiology that are associated with 



 47 

antibiotic or stress persistence (3, 4). Mtb resides in an early endosome-like phagosome during 

macrophage infection, and it is unclear whether the bacterium can acquire lipids derived from 

genuine host lipid droplets or instead accesses lipids by intersecting with other lipid trafficking 

pathways, like the uptake of LDL (5-9). The lipids accessed by Mtb during macrophage infection 

likely contain a mixture of cholesterol and fatty acids. As such, interest in how Mtb coordinates 

utilization of both fatty acids and cholesterol to support pathogenesis during infection is a growing 

area of interest.  

 

2.1.2 Cholesterol utilization in M. tuberculosis 

 The cholesterol utilization pathway in Mtb begins with import of the cholesterol molecule 

across the characteristic lipid-rich outer layer of the mycobacterial cell wall, through the 

periplasmic space, and across the cytoplasmic membrane into the cytoplasm. This process requires 

coordination by a multiprotein ATP-binding cassette (ABC) -like complex called Mce4. ABC 

importers are composed of three main domains: 1) a substrate-binding domain for binding the 

ligand and shuttling it across the outer layers of the cell wall and periplasmic space, 2) a dimeric 

transmembrane permease that accepts the ligand from the substrate-binding domain and allows the 

ligand to translocate across the cytoplasmic membrane, and 3) a dimeric nucleotide binding 

domain that couples the binding and hydrolysis of ATP to energize transport through the complex 

(10). The Mce4 complex is encoded by a ten-gene operon (rv3492c-rv3501c) (Figure 2.1). This 

operon encodes two integral membrane proteins (Rv3501/YrbE4A and Rv3502/YrbE4B) thought 

to function as the transmembrane permease, and six cell wall proteins (Mce4A-F) that likely form 

the substrate-binding portion of the transporter (11). Deleting the YrbE4A permease subunit 

reduces cholesterol uptake, severely inhibits cholesterol metabolism, and reduces growth of this 
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strain in minimal media supplemented with cholesterol (12, 13). Genetic screening of a transposon 

mutant library verified that each of the genes in the Mce4 operon is required for optimal growth 

of Mtb in cholesterol media (14). Two accessory proteins (Mam4A and Mam4B) are also encoded 

in the Mce4 operon. Mam4B is required for cholesterol metabolism and interacts via its 

transmembrane domain with an additional regulatory protein that is encoded outside of this operon 

(Rv3723/LucA) (12). Transport by this complex is believed to be energized through ATP 

hydrolysis by the Rv0655/MceG protein (14, 15). Details of how each of the components of the 

Mce4 operon contribute to the structure and function of this complex are lacking, necessitating 

speculation based on homologous proteins from E. coli (16). Moreover, how regulation of this 

complex is coordinated, particularly in the presence of other lipids or carbon sources, is not 

established. 

 The cholesterol molecule is composed of four rings (A-D, C1-C19) and a side chain (C20-

C27, and the cholesterol catabolism pathway can be divided into two stages accordingly (Figure 

2.2). The side chain is degraded via three cycles of β-oxidation, which results in the release of two 

propionyl-CoA units and one acetyl-CoA unit from the cholesterol molecule. After the terminal 

carbon is hydroxylated by Cyp125, the acyl-CoA synthetase FadD19 performs an ATP-dependent 

reaction to attach a coenzyme-A (CoA) to the side chain, forming a fatty acyl-CoA (17, 18). These 

steps activate the side chain for subsequent β-oxidation. Most of the enzymes that perform each 

round of β-oxidation in this process have been characterized, with different proteins implicated in 

each dehydrogenation, hydration, and thiolysis reaction (Figure 2.2) (19). Degradation of the A 

and B rings results in the release of one propionyl-CoA unit and one pyruvate unit, via a series of 

previously characterized reactions (20-27). Degradation of the C and D rings releases at least one 

acetyl-CoA unit, and likely one unit of propionyl-CoA, pyruvate, or succinyl-CoA via a process 
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that involves opening of the D ring before the C ring (28, 29). The end products of 4-methyl-5-

oxo-octanedioic acid (MOODA-CoA) are uncertain, but it is possible that acetyl-CoA, propionyl-

CoA, and/or succinyl-CoA are derived from this intermediate (Figure 2.2). Metabolomic analyses 

indicate that propionyl-CoA pools increase when Mtb is grown in the presence of cholesterol, 

which is consistent with the products of the cholesterol breakdown pathway as illustrated here 

(30). The fate of these two- and three-carbon products is discussed below.  

Importantly, cholesterol side-chain and ring degradation likely occurs in tandem to some 

degree. For example, a mutant that is defective in the last three steps of side chain degradation 

cannot complete the last round of β-oxidation of the side chain; nevertheless, the major 

accumulated metabolite in this mutant has its A and B rings degraded with the C and D rings intact 

(31) Also, the KshA/KshB hydroxylase complex that participates in A and B ring degradation 

shows preferential activity for a substrates that have a partially intact side chain, as compared to 

the ADD molecule that has its side chain entirely degraded, as shown in Figure 2.2 (32). Overall 

this suggests that cholesterol breakdown does not proceed in a strictly linear fashion, through the 

side chain and then into the rings. Rather, it is likely that the degradation process occurs somewhat 

simultaneously, and that there is a degree of flexibility in how it proceeds, such that blocking a 

single step in the pathway does not necessarily prevent other portions of the molecule from being 

degraded. Blocking certain steps in the cholesterol breakdown pathway (HsaC or IpdAB) is also 

proposed to generate toxic degradation intermediates, such that Mtb viability is lost when grown 

on cholesterol and/or its growth in the presence of cholesterol is not rescued in the presence of an 

alternative carbon source (25, 29) Both of these features of the cholesterol degradation pathway 

have important implications when developing cholesterol utilization inhibitors as Mtb antibiotics.  
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Lastly, transcriptional regulation of a large operon of cholesterol utilization genes, 

originally referred to as the Cho-region, plays an important role in regulating cholesterol 

breakdown in Mtb (14, 33). Transcription of these genes is regulated via two TetR-like 

transcriptional repressors named KstR1 and KstR2 (34, 35). Enzymes encoded in the 74-gene 

KstR1 regulon include those responsible for side chain and A-B ring degradation in Mtb, while 

the enzymes involved in C-D ring degradation are encoded in the 15-gene KstR2 regulon (35-37). 

These repressors bind to specific intermediates of cholesterol degradation and de-repress their 

respective genes, as well as exhibiting autoregulation, promoting rapid gene expression (35). The 

early catabolic intermediate 3-oxocholest-4-en-26-oyl-CoA (3OCh-CoA) de-represses KstR1, and 

KstR2 is de-repressed by 3aα-H-4α(3’-propanoyl-CoA)-7aβ-methylhexa-hydro-1,5-indanedione-

CoA (HIP-CoA) which is produced later in the pathway, during ring degradation (Fig. 2.2) (38, 

39). These intermediates inhibit DNA binding by KstR1 and KstR2, allowing RNA polymerase to 

access these genes. Not only are these transcriptional responses necessary to permit cholesterol 

degradation to occur efficiently, but measuring the expression levels of genes in the KstR1 and 

KstR2 regulons can be used as a reporter to indicate whether cholesterol catabolism is proceeding 

normally and producing these breakdown intermediates  

 

2.1.3 Fatty acid utilization in M. tuberculosis 

 Similar to cholesterol utilization, fatty acid utilization in Mtb begins with import into the 

cell. Fatty acid uptake requires at least one other ABC-like complex called Mce1, which has a 

similar operon structure to the Mce4 locus. The Mce1 complex is composed of two permease 

subunits (YrbE1A and YrbE1B), six Mce proteins (Mce1A-F), and four accessory subunits 

(Mam1A-D) (Figure 2.2) (11). Transport through this complex is proposed to be powered by the 
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same nucleotide-binding ATPase (MceG) as Mce4 (15, 40). Two additional Mce loci (Mce2 and 

Mce3) with similar structures were identified in Mtb, but have not yet been assigned functions 

(11). Mtb strains lacking YrbE1A, or the entire Mce1 locus, are deficient in uptake and metabolism 

of the fatty acids oleate and palmitate, but not cholesterol (12, 40). Strains of Mtb that are deficient 

in Mce1 proteins, or deficient in proteins that participate in the function of both Mce4 and Mce1 

transport complexes, also fail to accumulate internal lipid inclusions from externally supplied 

Bodipy-palmitate during macrophage infection (40).  

Fatty acid breakdown occurs via β-oxidation, which liberates acetyl-CoA from even-chain 

fatty acids like oleate and palmitate. Odd-chain fatty acids can also release one unit of propionyl-

CoA during β-oxidation. Even-chain fatty acids (carbon chain length of 2–26) account for >99% 

of the circulating fatty acids in humans (41). The abundance and origin of the detectable odd-chain 

fatty acids (C15, C17, C17:1, and  C23) in mammalian tissues is debatable, but relatively low 

compared to even-chain fatty acids (41). Deconvoluting the specific genes that perform β-

oxidation of diverse fatty acid substrates in Mtb has proven challenging, given that ~100 genes 

were originally annotated with functions in one of the five steps of β-oxidation (42). The potential 

redundancy in this part of the fatty acid utilization pathway makes genetic screening for essential 

fatty acid catabolism genes difficult (43).  

Importantly, fatty acids can have a range of fates and do not necessarily undergo β-

oxidation upon import into Mtb. Instead, they can be used to provide acyl-primers for cell wall 

lipid synthesis, become incorporated into phospholipids that are essential for cytoplasmic 

membrane maintenance, or stored as a future source of carbon in the form of triacylglycerol (TAG) 

(4). Specifically, fatty acids can enter the synthesis pathway for the virulence-associated cell wall 

lipids phiocerol-dimycoseroic acid (PDIM), poly-acylated trehaloses (PATs), or sulfolipid (SL) in 
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the form of acyl-AMP primers (44). Fatty acids with carbon lengths C16-C26 can also be modified 

by the FAS-I and FAS-II complexes to synthesize elongated acyl chains that are used to form 

mycolic acids which are incorporated as an essential component of the mycobacterial cell wall 

(45). Fatty acid catabolism requires NAD+ as a co-factor and produces NADH, while fatty acid 

synthesis consumes NADH and regenerates NAD+. NADH can be used to fuel oxidative 

phosphorylation via the NADH dehydrogenase complex (46). Because fatty acid breakdown and 

synthesis each have the potential to shift the NAD+/NADH redox balance in Mtb, it has been 

proposed these processes are intricately regulated especially during growth in hypoxic 

environments, when oxygen is not readily available to serve as the terminal electron acceptor of 

the electron transport chain (47-49). Fatty acid utilization is at least partially regulated via 

transcriptional responses, as whole transcriptome analyses of Mtb isolated from murine-derived 

macrophages or the lungs of human TB patients noted upregulation of genes proposed to be 

involved in fatty acid utilization pathways (50-52).  

 

2.1.4 Contributions of lipids to M. tuberculosis pathogenesis  

 

Incorporation of cholesterol and fatty acid breakdown products into central metabolism 

The two- and three-carbon intermediates generated by fatty acid and cholesterol breakdown 

can be incorporated into central carbon metabolism by entering the TCA cycle. Here their 

oxidation can fuel energy production via intermediates that enter the electron transport chain, or 

they can be used as precursors for biosynthetic pathways. To enter the TCA cycle, acetyl-CoA can 

be condensed with oxaloacetate to form citrate, and the chemical energy of acetyl-CoA can be 

converted into the reducing power of NADH (Fig. 2.3) (53). During growth on fatty acids, the 
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glyoxylate shunt can be used as an alternative to the canonical suite of oxidative TCA cycle 

reactions and the complete decarboxylation of every acetyl-CoA unit. Instead, the glyoxylate shunt 

is utilized to bypass two decarboxylation steps of the TCA cycle, allowing TCA cycle 

intermediates to be replenished and supporting carbohydrate synthesis via gluconeogenesis, which 

is required in the absence of glycolysis during growth on lipid substrates (53-55). In Mtb, the 

enzyme isocitrate lyase (Icl) facilitates the entry of isocitrate into the glyoxylate shunt. Mtb has 

two Icl enzymes, Icl1 and Icl2, with redundant functions (55). Importantly, Δicl1 Mtb has a growth 

defect during the chronic stage of infection in mice, and double-deficient Δicl1/2 Mtb are 

eliminated from the lungs by 2 weeks post-infection (54, 55). This was originally interpreted to 

mean that Mtb primarily uses fatty acids instead of carbohydrates during growth in vivo. However, 

Icl is a bifunctional enzyme that is required for detoxifying propionyl-CoA by integrating it into 

the TCA cycle, as discussed below. As such, the growth defect of Icl-deficient Mtb during infection 

is potentially related to a defect in the glyoxylate shunt, a defect in the detoxification of the 

propionyl-CoA that is primarily derived from cholesterol, or both. If lipids are a dominant carbon 

source during Mtb infection in the absence of glycolytic carbon sources, it would also be expected 

that gluconeogenesis would play an essential role in regenerating precursors for nucleic acid, 

amino acid, and cell wall synthesis (56). The phosphoenolpyruvate carboxykinase enzyme is 

required to generate phosphoenolpyruvate (PEP) from oxaloacetate, and PEP is an essential 

precursor for gluconeogenesis (Fig. 2.3). Indeed, Mtb or Mycobacterium bovis deficient in the 

gene that encodes phosphoenolpyruvate carboxykinase (ΔpckA) have survival defects during 

macrophage and murine infection, indicating that gluconeogenesis is likely important to maintain 

bacterial survival during infection (57, 58). ΔpckA Mtb is also unable to grow on fatty acids as a 

sole carbon source in vitro. Altogether, this confirms that central metabolic pathways that 
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incorporate the products of lipid breakdown are also necessary to maintain Mtb fitness during 

infection.  

Propionyl-CoA has three downstream fates while it is incorporated into Mtb metabolism. 

First, propionyl-CoA can be condensed with oxaloacetate via the methylcitrate cycle (MCC), 

allowing it to be incorporated into the TCA cycle or the electron transport chain via the products 

pyruvate and succinate (Fig. 2.3) (59, 60). Inactivating the final step in the MCC, Icl1, causes a 

dead end pathway that drives the accumulation of propionyl-CoA derived intermediates, 

intoxicating Mtb and inhibiting bacterial growth in the presence of cholesterol or propionate even 

when alternative carbon sources (glucose, glycerol, and fatty acids) are available (59, 61, 62). This 

phenotype can be rescued by inhibiting the entry steps into the MCC (PrpC or PrpD) or some steps 

of cholesterol breakdown (Cyp125, HsaC, HsaA) (12). Second, propionyl-CoA can be converted 

into methylmalonyl-CoA via the methylmalonyl pathway (Fig. 2.3). From this point, the vitamin 

B12-dependent methylmalonyl-CoA mutase complex can incorporate methylmalonyl-CoA into 

the TCA cycle by converting it to succinate (63). Whether Mtb can synthesize vitamin B12 or 

access it in vivo to fuel this pathway is not known, as this was discovered in vitro where exogenous 

vitamin B12 was supplied to the bacteria. Third, the methylmalonyl-CoA can instead be 

incorporated directly by polyketide synthases to form methyl-branched lipids that are incorporated 

into the cell wall lipids PDIM and SL-1 (30, 64-66). When Mtb is supplied with propionate or 

cholesterol, the absolute amount of PDIM and SL-1 is increased, and the bacteria generates high-

mass forms of PDIM and SL-1 in which the methyl-branched acyl chains of PDIM and SL-1 are 

lengthened by the addition of extra methylmalonyl-CoA units (64). Importantly, similar high mass 

forms of PDIM are present in Mtb isolated from murine lungs 19 days post-infection which 
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suggests this pathway is relevant during infection and Mtb access a source of propionyl-CoA, 

likely cholesterol, in vivo (64).  

When propionyl-CoA pools increase in Mtb as a result of cholesterol or odd-chain fatty 

acid utilization, the bacteria can sink excess propionyl-CoA into excess methylmalonyl-CoA 

precursors for polyketide lipid synthesis (61). This becomes especially important if flux through 

the alternative pathways for incorporating propionyl-CoA into the TCA cycle are blocked. 

However, Mtb requires sufficient levels of free fatty acids to serve as fatty acid-AMP primers for 

polyketide synthase enzymes (44). Thus, this drives a requirement for fatty acid utilization if this 

pathway is to be used as a sink to prevent accumulation of potentially toxic propionyl-CoA 

intermediates (61). Simultaneously, directing fatty acids to form intermediates that fuel lipid 

synthesis may also help maintain redox homeostasis, by averting the NAD+/NADH redox 

imbalance that can be generated during β-oxidation of long-chain fatty acids (47, 49). This  

illustrates an example of the complex, inter-dependent fates of fatty acid and cholesterol-derived 

intermediates and redox homeostasis in Mtb. In vitro studies have suggested that the central 

metabolism of Mtb may be characterized by non-canonical pathways, including 

compartmentalized co-catabolism of distinct carbon sources, a bifurcated TCA cycle and/or the 

ability to adopt a reductive TCA cycle (47, 67, 68).  However, it is not clear how these observations 

translate to the presence of combinations of complex carbon substrates in vitro or during infection.  

 

The significance of cholesterol utilization during infection 

 Over the last decade, evidence from a variety of experimental approaches has indicated 

that cholesterol utilization is important to Mtb pathogenesis in macrophages and during infection 

in vivo. Studies of the transcriptional response in Mtb have consistently indicated that the 
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bacterium upregulates genes within the cholesterol utilization pathway and/or genes required to 

assimilate propionyl-CoA during macrophage infection in vitro, during infection in mice, and in 

the lungs of some TB patients (50-52, 69-71). Functionally, cholesterol was confirmed to be a 

major source of propionyl-CoA during Mtb growth in macrophages because both chemical and 

genetic approaches that inhibit the MCC generate propionyl-CoA-related toxicity in Mtb during 

macrophage infection. This toxicity can be rescued by simultaneously disabling Mce4-dependent 

cholesterol import, indicating that cholesterol is a major source of the propionyl-CoA driving the 

experimentally-induced toxicity phenotype (30). Unbiased genetic screens have also repeatedly 

indicated that cholesterol utilization genes are necessary for Mtb growth and/or persistence during 

murine infection, with the most consistent phenotypes being noted during the chronic stage of 

disease (15, 72, 73). Subsequent experiments with transposon mutants and targeted mutants in the 

cholesterol pathway have verified this. For example, disrupting cholesterol uptake by mutating the 

first gene in the mce4 locus, yrbE4a, is associated with a decrease in Mtb CFUs at 35-100 days 

post-infection relative to wild type bacteria, during a competitive infection in mice (13, 15). Mtb 

mutants deficient in cholesterol side chain (fadA5) and ring (kshA/kshB and hsaC) catabolism steps 

generate a similar loss in bacterial fitness during chronic infection in mice or guinea pigs (25, 33, 

74).  

As mentioned above, it is likely that some flexibility or non-linearity exists in the 

cholesterol degradation pathway. In keeping with this, it is interesting that a genetic screen using 

a panel of genetically-diverse mice that feature variable susceptibility to Mtb predicts that 

disrupting different genes in the cholesterol breakdown pathway is associated with varying degrees 

of growth deficiency in Mtb in vivo. For example, while the mce4 locus belonged to a core set of 

required genes during infection, only some genes of the side chain (cyp125, chsE1/chsE2, chsH2, 
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ltp2) and ring (hsaD, ipdF, fade30, ipdA/ipdB, fadA6, fadE32) degradation pathways were also 

predicted to be required for Mtb fitness across 30 different mouse strains (73). Other steps in the 

pathway were required for full bacterial fitness in fewer (2 or more) mouse backgrounds. In the 

future, expanding our understanding of which step(s) in cholesterol utilization should be inhibited 

to maximally disrupt Mtb growth in vivo will provide important guidance for the development of 

potential new therapeutics targeting this pathway. Genetic screens have also predicted that the 

mce1 locus is necessary for optimal growth of Mtb during infection, particularly during the acute 

stage (15, 72, 73). However, studies using targeted mce1 mutants with differing routes of infection 

and different mouse backgrounds have produced mixed conclusions about this (12, 75, 76). 

Therefore, currently more clear evidence supports the conclusion that cholesterol utilization is 

required during infection to support Mtb pathogenesis.  
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Figure 2.1 Genes of the fatty acid (Mce1) and cholesterol (Mce4) transporter complexes in 
Mtb. Reproduced with permission from (19).  
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Figure 2.2. Proposed mechanism of cholesterol side chain (A) and ring (B) breakdown in 
Mtb. Confirmed enzymes are denoted with the enzyme names next to the reaction arrows. Brackets 
indicate stages in the pathway that require multiple enzymatic reactions. Pink text indicates 
chemical name abbreviations for the catabolic intermediates. Reproduced with permission from 
(19).  
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Figure 2.3 Central carbon metabolism pathways in Mtb. Depiction of the relationship between 
central carbon metabolism pathways in Mtb, including the TCA cycle, methylcitrate cycle, 
methylmalonyl pathway, and gluconeogenesis discussed in the text. Adapted and reproduced with 
permission from (68).  
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2.2 Adenylyl cyclase enzymes and cAMP signaling in M. tuberculosis 

2.2.1 Basic components and functions of cAMP signaling in bacteria 

 3’,5’-cyclic adenosine monophosphate (cAMP) is a universal second messenger that 

functions by relaying signals from transmembrane or intracellular receptors to downstream 

regulatory targets in the cell. In bacteria, cAMP signaling regulates an array of cellular processes, 

including pathways for coordinating homeostatic carbon metabolism and virulence-specific 

networks in pathogenic bacteria. The structure of cAMP signaling pathways in bacteria generally 

begins with activation of an adenylyl cyclase (AC) enzyme in response to an environmental signal, 

followed by the AC catalyzing the intramolecular cyclization of ATP to form cAMP (Fig. 2.4) 

(77). In bacteria, cAMP typically activates downstream cAMP-binding proteins via allosteric 

interactions that cause conformational changes to the proteins which confer changes to their 

function. To maintain cAMP homeostasis, bacteria also conserve phosphodiesterase (PDE) 

proteins that catalyze the hydrolytic degradation of cAMP to AMP.  

Across many bacterial species, it is common for cAMP-binding proteins to act as 

transcription factors that regulate gene networks in a cAMP-responsive manner. These 

transcription factors of the cAMP-receptor protein family (Crp family) are directly activated by 

binding to cAMP, and are able to either promote or block transcription depending on the context. 

The cAMP-Crp complex in E. coli is considered a classic example of how cAMP is involved in 

regulating carbon metabolism in bacteria, via carbon catabolite repression. cAMP-Crp is integrated 

into the “glucose response” pathway in E. coli, and is necessary for the activation of genes (the lac 

operon) that allow lactose to be used as a secondary carbon source when the bacterium’s preferred 

carbon source, glucose, is scarce (77). In this system, the activation state of the class I AC enzyme 

of E. coli is regulated by interactions with the EIIA domain of the glucose transporter; the ability 
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of the EIIAGlc domain to activate the AC is dependent on its phosphorylation status, which is linked 

to the flux of glucose being transported into the cell via the phosphotransferase system and as well 

as the levels of the phosphate donor available in the cell (78). However, other operon-specific 

regulatory systems such as inducer exclusion and induction prevention cooperate with the global 

regulation of genes by cAMP-CRP and are essential to coordinate diauxic growth during primary 

and secondary carbon source utilization (78). In E. coli, cAMP-Crp can also regulate carbon flux 

through central metabolic pathways, modulating a glucose starvation-associated gluconeogenesis 

and glyoxylate shunt cycle (79). These examples illustrate how cAMP is integrated into complex, 

context-dependent signaling networks that cooperate with non-cAMP-responsive components. 

Notably, not all carbon catabolite repression mechanisms require gene regulation via cAMP-Crp, 

and not all bacteria utilize carbon catabolite repression systems or systems based on glucose as the 

preferred carbon source (78, 80).  

Beyond carbon catabolite repression, cAMP regulates virulence functions within bacterial 

cells via diverse downstream signaling effects. cAMP-CRP can upregulate or suppress expression 

of global regulators including stress-associated RNA-polymerase σ-factors, or the expression of 

horizontally acquired pathogenicity islands (77, 81, 82). Crp or Crp-like transcription factors 

bound to cAMP regulate functions like expression of type III secretion systems, pili, and exotoxins, 

as well as quorum sensing and biofilm formation that facilitate colonization and persistence in the 

host (83-86). For example, Vibrio cholerae features a cAMP-dependent system that links the 

availability of glucose with regulation of biofilm formation, quorum sensing, virulence gene 

expression, and phage resistance through direct and indirect signaling mechanisms (77). There is 

at least one example of a Crp family transcription factor in Pseudomonas aeruginosa that alters 

expression of some virulence genes via a cAMP-dependent mechanism, but modulates expression 
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of a quorum sensing system via co-regulation by an unknown cAMP-independent cofactor (85). 

Thus, although there are common themes in the mechanisms through which cAMP regulates the 

physiology of pathogenic bacteria, the particular features of their cAMP-regulated networks are 

diverse even among those relying on Crp-family transcription factors.  

 In addition to cAMP-dependent signaling within bacterial cells, cAMP signaling is also 

used by bacteria to modulate responses of host cells during infection. The architecture of cAMP 

signaling in eukaryotic cells is different than in bacteria, and this is relevant to our understanding 

of how bacteria can manipulate host cell cAMP signaling. Briefly, the canonical cascade of cAMP 

signaling in eukaryotic cells is initiated when a ligand binds to a G protein-coupled receptor 

(GPCR) (87). Whether the GPCR is Gαs-coupled or Gαi-coupled determines the effect the ligand 

has on AC activity. Ligand binding to a Gαs-coupled GPCR leads to activation of a 

transmembrane-associated AC via the dissociated Gαs subunit, while binding to a Gαi-coupled 

GPCR leads to AC inhibition (87). Another group of soluble AC enzymes are directly regulated 

by bicarbonate and pH levels instead (88). Stimulation of AC activity increases cAMP, which can 

activate multiple intermediary targets downstream, including protein kinase A (PKA) and the 

guanine nucleotide exchange factor proteins directly activated by cAMP (Epac) (87). cAMP 

binding to the regulatory subunits of PKA frees its catalytic subunits to regulate numerous target 

proteins via phosphorylation of specific residues, and PKA is known to modulate transcription 

factors like Nf-κB and the cAMP response element-binding protein (CREB) (87, 89). The overall 

downstream effects of cAMP signaling are cell type dependent because there are numerous 

molecular species of many of the pathway components, in addition to mechanisms that create 

discrete subcellular pools of intracellular cAMP and its effectors (87, 89-91).  
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To modulate host cAMP signaling, pathogenic bacteria can secrete AC toxins that are 

activated in the host environment and synthesize cAMP directly (77). Alternatively, they can 

secrete toxins that modulate the AC enzymes of host cells via ADP-ribosylation modifications that 

lock Gαs in an active state or lock Gαi in an inactive state (77). Increased cAMP synthesis exerts 

pleiotropic effects on immune cells, and has been associated with regulating the production of 

inflammatory mediators, phagocytosis, and intracellular bacterial killing capacity in phagocytes 

(87). For example, Bordetella pertussis secretes two cAMP modulating toxins that can target 

phagocytes recruited to the site of infection: a CyaA toxin that functions as an AC enzyme, and 

the pertussis toxin which contains an enzymatically active subunit that ADP ribosylates the Gαi 

subunit and prevents it from suppressing host AC activity (92, 93). Elevated cAMP synthesis due 

to these toxins within host phagocytes favors bacterial colonization and contributes to delayed 

neutrophil recruitment, reduced phagocytic functions, limited nitric oxide production, alterations 

in cytokines, and limited differentiation of infiltrating monocytes to macrophages (92-94). 

Chemical tools that induce cAMP synthesis in phagocytes have also associated increases in 

intracellular cAMP in macrophages with changes in cytokine and chemokine production, 

decreased phagocytosis, decreased H2O2 production, and/or reduced phagolysosome maturation 

(89-91, 95-98).  

 

2.2.2 Adenylyl cyclase enzymes in M. tuberculosis 

 Mtb has an unusually large repertoire of AC enzymes, and its genome encodes at least 10 

AC enzymes that have biochemically-confirmed enzymatic activity (99). Other bacteria like E. 

coli, Bordetella pertussis, Pseudomonas aeruginosa, or Vibrio cholerae have no more than three 

identified AC enzymes, including the secreted class II AC toxins discussed above (77). The ACs 
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of Mtb are class III cyclase enzymes, a ubiquitous and diverse class of nucleotidyl cyclases that 

includes all known eukaryotic ACs as well as many prokaryotic ACs (88). The ACs of Mtb are 

structurally diverse, including soluble, membrane-associated, and multidomain proteins, and they 

are variably conserved across multiple mycobacterial species (100). While all of these ACs feature 

a core catalytic domain, many of the ACs in Mtb also contain additional domains that can confer 

additional regulatory or biological functions (101). Each of these ACs encodes one cyclase domain 

per polypeptide. To generate an active catalytic core, the cyclase domains from two copies of the 

AC protein must homodimerize in a head-to-tail orientation. Dimerization generates two 

symmetrical active sites, in which each monomer contributes complementary residues that come 

together to form the conserved metal coordinating, substrate binding, and transition-state 

stabilizing sites within each active site (88).  

One clear example of how the additional regulatory domains contribute to Mtb AC function 

is the soluble AC Rv1264, which is composed of an N-terminal domain that acts as a pH-

responsive molecular switch and a C-terminal cyclase domain. At neutral pH, the N-terminal 

domain is autoinhibitory and a network of interactions between the N-terminal domain and the 

cyclase domain renders the protein inactive by disrupting homodimerization of the catalytic core 

(102). At low pH (6.0) the N-terminal domain undergoes conformational changes that facilitate 

dimerization of the catalytic core in the correct head-to-tail orientation, increasing cAMP synthesis 

30-fold (103). Stimulatory environmental signals (low pH, high pH, fatty acids, CO2, and the Mtb 

secreted protein Erp) have been proposed for five of the Mtb ACs, based on in vitro assays or 

biochemical assays using recombinantly expressed protein (99, 100). Thus, signals that can 

activate half of Mtb’s AC enzymes have not been proposed, and it remains unclear whether the 
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activating signals that have been proposed for the other five ACs translate to Mtb pathogenesis in 

vivo. 

 

2.2.3 Features of the Rv1625c adenylyl cyclase 

 Rv1625c is a membrane-bound AC in Mtb, with proposed orthologs in M. bovis, M. 

marinum, M. avium, and M. leprae but not in the non-pathogenic mycobacterium M. smegmatis 

(100). Rv1625c is composed of at least four main structural elements: an N-terminal cytoplasmic 

domain and a six-helical transmembrane domain, followed by a cytoplasmic helical domain and a 

cyclase domain (Fig. 2.5). Rv1625c is often compared to one-half of a mammalian membrane-

bound adenylyl cyclase, which form pseudo-heterodimers composed of two sequential sets of 

transmembrane and cyclase domains linked together in the same polypeptide. The cyclase domain 

of Rv1625c has residues that directly parallel those structurally confirmed to be essential in 

mammalian AC catalysis, and this facilitated functional confirmation of canonical catalytic core 

residues required for Rv1625c activity (104). In its active form, Rv1625c forms a homodimer that 

permits the formation of two active sites at the interface of the head-to-tail cyclase domains, where 

complementary residues from each monomer supply the residues necessary for binding and 

cyclization of ATP in the active sites (Fig. 2.5). Substrate-specifying residues located in the dimer 

interface of the catalytic sites contribute to productive dimer formation and Rv1625c activity (105, 

106).  

Outside of the catalytic core, other domains of Rv1625c contribute to enzyme activity. Two 

arginine residues within the N-terminal cytoplasmic tail are also required for enzymatic activity in 

Rv1625c, but the structural basis for this is unconfirmed (107). The transmembrane domain of 

Rv1625c also contributes to efficient dimerization of the protein, which enhances its activity 
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presumably by supporting stable associations between the cyclase domain residues (108). 

Similarly, the structure of a truncated, dimeric form of the Rv1625c homolog from M. 

intracellulare revealed that the cytoplasmic helical domain is formed by two tightly-associated 

helices in each monomer and contribute to dimer assembly and stability (109). Interestingly, it was 

recently demonstrated that six-helical transmembrane domains present in bacterial quorum-

sensing receptors can be fused with the catalytic domain of Rv1625c to generate ligand-dependent 

AC activity (110, 111). Based on this, it was speculated that the transmembrane domain of 

Rv1625c may also serve the role of binding lipophilic ligands, similar to the autoinducers that 

activate quorum sensing receptors, to modulate AC signaling. However, a ligand capable of 

binding the transmembrane domain of Rv1625c and modulating AC activity has not been 

identified. On the basis of assays performed using an Rv1625c construct that only expressed the 

cyclase domain, it was previously proposed that CO2 stimulates Rv1625c activity, similar to a 

mammalian G-protein regulated AC (112). However, this has not been confirmed using full-length 

Rv1625c protein, which clearly contains additional residues that are critical to the regulation of its 

function. Notably, full-length Rv1625c was not activated by exposure to other agonists of 

mammalian ACs (forskolin, calmodulin, or mammalian Gαs) (107). As such, the native ligand(s) 

that activates Rv1625c in whole Mtb cells and during infection remains undetermined.  

 

2.2.4 Characteristics of cAMP binding proteins in M. tuberculosis 

 Not only does Mtb feature diversity in its AC signaling pathways at the level of the AC 

proteins, but it also possesses a large repertoire of predicted downstream cAMP-binding effector 

proteins. Out of the ten predicted cAMP-binding proteins in Mtb, only four have begun to be 

functionally characterized (99). 
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Two of these proteins, CRPMT and Cmr, contain conserved cAMP-binding and helix-tun-

helix DNA-binding motifs, and they are proposed to act as cAMP-responsive transcription factors 

similar to the Crp proteins of other bacteria (113-115). Mtb deficient in CRPMT has defects in 

persistence during infection in macrophages and in mice (113). A large regulon of ~100 genes are 

proposed to be targets for regulation by CRPMT based on experiments examining transcriptional 

changes in ΔCRPMT bacteria in standard liquid culture and consensus sequence predictions in Mtb, 

plus ChIP-seq in M. bovis (113, 114, 116, 117). These genes include components of the ESX-1 

secretion system, a resuscitation promoting factor, a nitric oxide-sensitive transcription factor, a 

copper transporter, and two operons associated with central metabolism (the succinate 

dehydrogenase and fumarate reductase operons). Binding of CRPMT to target DNA is somewhat 

enhanced in the presence of cAMP, but it features noncanonical cAMP-regulated DNA binding 

properties compared to the E. coli Crp (114, 118). Clearly more work is needed to determine how 

cAMP-responsive regulation of specific genes in the predicted CRPMT regulon may contribute to 

Mtb pathogenesis. The second proposed cAMP-responsive transcription factor in Mtb, Cmr, has 

the potential to bind ~200 genomic regions, but only a handful of targets have been investigated 

further (99). Cmr is directly involved in regulating three targets in M. bovis, including during 

macrophage infection, but its regulation appears to be cAMP-independent for some targets (99, 

115, 119). Later, Cmr was identified as a repressor of genes in the DosR regulon, but was found 

to be primarily redox-responsive rather than cAMP-responsive in this context (119). Better 

methods for interrogating Cmr-dependent gene regulation in response to increased cAMP levels 

in whole Mtb cells are needed before clear conclusions can be drawn about whether cAMP directly 

or indirectly influences the role of Cmr in Mtb pathogenesis.  
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The other two effectors, Mt-Pat and Rv1636, are novel cAMP-binding effector proteins. 

Mt-Pat possesses both cAMP-binding and lysine acetyltransferase activity. When Mt-Pat binds 

cAMP, it can acetylate lysine residues on various enzyme targets, which inactivates them. 

Confirmed targets of acetylation by Mt-Pat include the acetyl-CoA/propionyl-CoA synthetase and 

ten FadD acyl-CoA ligase enzymes in Mtb, which regulate the incorporation of 2- and 3-carbon 

precursors from fatty acids into central metabolism (47, 120-123). Under hypoxia, Mt-Pat plays 

an important role in maintaining the NAD+/NADH balance when Mtb has access to fatty acids, 

and is hypothesized to direct fatty acids away from catabolism and promote reductive TCA cycle 

reactions to avoid accumulating NADH in the absence of oxygen as a terminal electron acceptor. 

This is broadly consistent with an accompanying role for the DosR regulon in supporting lipid 

anabolism during hypoxia via upregulation of the triacylglycerol synthase gene (tgs1), which 

supports synthesis of triacylglycerols and lipid body accumulation from excess fatty acid 

precursors (49, 52). Rv1636 is a universal stress protein that contains an ATP-binding motif, yet 

binds cAMP with higher affinity than ATP (124). Its biological function is unknown, but it was 

hypothesized that Rv1636 may participate in cAMP-dependent release of ATP into the cytosol 

during stress. Functions for the remaining six predicted cAMP-binding effector proteins in Mtb 

have yet to be suggested. Given the apparent complexity and noncanonical mechanisms 

exemplified by those that have been initially characterized, there is significant work left to be done 

before a complete picture of cAMP signaling pathways participating in Mtb pathogenesis can be 

proposed.  

 

2.2.5 Identification of potential Rv1625c agonists in a high-throughput screen 



 70 

 Previously, we sought to identify small molecule compounds that inhibit growth of Mtb 

during macrophage infection in vitro. The chemical screening approach applied in this study was 

novel because screening assays historically tested compounds against Mtb grown in liquid media. 

In this study, J774 macrophages were infected with an mCherry-expressing strain of Mtb in a high-

throughput 384-well format (62). The mCherry fluorescent protein is constitutively expressed in 

this strain of Mtb, and over the course of the macrophage infection, the mCherry fluorescent signal 

increases as the bacteria grow. A library of ~340,000 synthetic small molecules and natural 

products were screened for inhibition of mCherry signal during a six-day macrophage infection. 

Of these, ~4000 compounds inhibited Mtb growth (30–100% inhibition) relative to the positive 

control rifampin (100% inhibition) (62). When the most potent 1,359 hits against Mtb from 

macrophages were tested against Mtb in standard liquid media, a subset of 132 compounds that 

inhibit Mtb more potently in macrophages than in liquid media were identified (Fig. 2.6). These 

were categorized as “conditionally-active compounds” and >95% of these compounds were not 

related to other compounds reported previously in the literature, indicating that they included 

potentially novel mechanisms of action against Mtb (62). Because cholesterol is known to be a 

prominent carbon source during macrophage infection, the activities of these compounds against 

Mtb were also tested in liquid media containing cholesterol as the primary carbon source. More 

than half of the conditionally-active compounds inhibited Mtb replication in this condition, 

suggesting that their mechanisms of action were dependent on cholesterol utilization by Mtb. It 

was subsequently determined that several of these conditionally-active compounds targeted 

cholesterol utilization in Mtb directly, including apparent inhibitors of the methylcitrate cycle 

enzyme PrpC, and the HsaAB complex involved in ring catabolism (62). However, a set of potent 

inhibitors with an unknown mechanism of action were identified and designated as “orphan 
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cholesterol inhibitors.” Initial characterization of three of these molecules (V-58, V-60, V-79) 

confirmed that they inhibit growth in cholesterol media, suppress expression of the KstR regulon, 

and cholesterol metabolism (62). Supplementing cholesterol media with the two-carbon fatty acid 

acetate rescued growth during treatment with these compounds, but supplementation with glucose 

did not. An initial screen seeking transposon mutations in Mtb that confer resistance to the V-58 

compound identified multiple clones with mutations in rv1625c. All three orphan cholesterol 

inhibitors increased cAMP levels in Mtb relative to the vehicle control, consistent with the 

hypothesis that these compounds may activate the AC enzyme Rv1625c to increase cAMP 

synthesis (62).  

A relationship between cAMP synthesis and cholesterol utilization had not been previously 

predicted prior to the discovery of the rv1625c-dependent orphan cholesterol inhibitors. Since 

cAMP is synthesized from ATP, we anticipated that resolving the importance of ATP hydrolysis-

driven import of cholesterol and fatty acids by MceG would assist in interpretation of the cAMP 

induction studies. Previously, a role for cAMP secreted from Mtb in modulating macrophage 

functions had also been speculated but not carefully verified. 
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Figure 2.4 Common features of cAMP signaling networks. Reproduced with permission from 
(77).  
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Figure 2.5 Topological diagram of the Rv1625c monomer and its domains. (A) Rv1625c is 
composed of an N-terminal cytoplasmic tail and six-helical transmembrane domain, followed by 
a cytoplasmic helical domain and the conserved cyclase domain. Dots illustrate conserved residues 
within the cyclase domain required for catalytic activity. (B) Illustration of the complementary 
residues in the catalytic sites of the homodimerized cyclase domains of Rv1625c. Figure in (B) 
reproduced with permission from (104). 
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Figure 2.6 Distribution of screening hit compound IC50 values in macrophages versus in 
standard liquid media. Dot plot depicting the half maximal inhibitory concentration (IC50) values 
for the most potent 1,359 compounds in 7H9 OADC versus in the macrophage infection assays. 
Universally active compounds with IC50 values < 5.0 μM in macrophages and < 5.0 μM in 7H9 
OADC are indicated in green. The conditionally active compounds with IC50 values < 5.0 μM in 
macrophages and > 50.0 μM 7H9 OADC are depicted in red. This group includes the set of 
chemical hits from which our Rv1625c agonist compounds were derived. Reproduced from (62) 
under the Creative Commons Attribution license.  
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2.3 Aims of this study 

 

The purpose of this work is to examine the relationship between elevated cAMP synthesis, 

cholesterol utilization, and pathogenesis in Mtb. 

 

I. Resolve the importance of ATP hydrolysis-dependent import of cholesterol by MceG. 

 

II. Develop complementary chemical and genetic tools to investigate the relationship 

between Rv1625c, cAMP synthesis, ATP, and cholesterol utilization in Mtb.  

 

III. Characterize the pharmacokinetic properties of orphan cholesterol utilization 

inhibitors, and identify a potent Rv1625c agonist suitable for use during infection studies 

in mice. 

 

IV. Determine whether Rv1625c agonists disrupt Mtb pathogenesis in models of chronic 

TB. 

 

V. Test the hypothesis that increasing cAMP synthesis in Mtb modulates macrophage 

inflammatory responses.  
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CHAPTER THREE 

Hydrolysis of ATP by MceG is required for cholesterol  and fatty acid utilization in M. 

tuberculosis 
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ABSTRACT 

 

Over the last decade, it has been confirmed repeatedly that Mycobacterium tuberculosis (Mtb) 

requires intact lipid utilization pathways to maintain optimal fitness during infection. Specifically, 

pathways that carry out fatty acid and cholesterol breakdown within the bacterial cell have begun 

to be elucidated. However, the cell envelope of Mtb has several unique features that present a 

logistical challenge for importing lipid nutrients. Here, we characterize a shared subunit of the 

fatty acid and cholesterol import systems in Mtb, named MceG/Rv0655. MceG is a predicted 

ATPase, and its ATPase activity is hypothesized to energize both the fatty acid (Mce1) and 

cholesterol (Mce4) import complexes. Here, we demonstrate that the ATPase activity of MceG is 

required during both fatty acid and cholesterol import, via both shared and unique mechanisms. 

MceG is required for full bacterial fitness in vivo, and Mtb lacking MceG ATPase activity display 

colonization defects in mice. These findings expand our understanding of MceG-dependent lipid 

transport in Mtb.  
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3.1 Introduction   

 Mycobacterium tuberculosis (Mtb) is a highly successful pathogen that is adapted to persist 

long-term during infection of the human lung. To achieve transmission, Mtb routinely remains 

viable in an individual host’s lungs for years (1). This requires the bacterium to adopt various 

metabolic adaptations that allow it to acquire and utilize nutrients within the constraints of 

conditions imposed by the host environment (2). Mtb spends the majority of its life cycle 

intracellularly in macrophages or neutrophils, or in the extracellular caseum of granulomas (3). 

Because of this, interest in how Mtb acquires and utilizes host-derived nutrients to fuel critical 

metabolic and biosynthetic pathways across these dynamic environments has grown. It would  be 

ideal to identify essential components of nutrient utilization pathways that support Mtb viability 

across the diverse conditions it encounters in the host, as these may represent novel bacterial 

pathways that could be targeted for antibiotic development (1, 4, 5).  

 The cell envelope of Mtb is an intricate structure composed of many layers. From inside to 

outside, it includes the cytoplasmic membrane, periplasmic space, cross-linked peptidoglycan 

layer, arabinogalactan polymers covalently attached to the inner peptidoglycan layer and to 

glycolipid species, a layer of mycolic acids attached to the arabinogalactan layer, and a thick outer 

layer of mycolic acids and other surface lipids (6). This waxy envelope is a defining feature of the 

mycobacterial cell. Compared to Gram-negative bacteria, the overall composition of the Mtb cell 

envelope provides a significant barrier to permeability that excludes many macromolecules, 

including β-lactam antibiotics (6, 7). The import of some small, hydrophilic nutrients across the 

cell envelope is facilitated through porin-like channels and driven by diffusion (7). Import of some 

other large and/or scarce molecules that cannot be transported effectively through porins have been 

shown to be coordinated by ABC transporters (7, 8).  
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Mtb is exposed to a variety of potential nutrients during infection; however, there is expanding 

evidence that fatty acids and cholesterol are key host-derived nutrients required for the bacterium 

to maintain viability during infection (3, 9-13). Fatty acids and cholesterol play overlapping and 

complementary roles in Mtb metabolism (14). However, mechanisms utilized by the bacterium to 

coordinate the import of these substrates into the cell are not well understood. It is important to 

characterize these mechanisms because they may represent novel antibiotic targets that, when 

inhibited, could prevent utilization of two complementary carbon sources that support Mtb 

viability during infection (9). To import hydrophobic substrates like fatty acids and cholesterol, 

Mtb uses the Mce1 and Mce4 transporter complexes, respectively (9). These transporters are multi-

protein complexes related to bacterial ABC transporters, which bind substrates and provide the 

energy required for membrane passage by hydrolyzing ATP (8). It is thought that the substrate-

specific protein subunits of the Mce1 and Mce4 transporters are encoded in two separate mce 

operons in the Mtb genome (15, 16). Based on structures of Mce proteins from E. coli, it has been 

hypothesized that the Mce1 and Mce4 complexes transport substrates through the long-chain lipid 

layers and the periplasmic region of the Mtb cell envelope to deliver their substrates to permease 

proteins embedded in the cytoplasmic membrane (8, 9, 17).  

Growing evidence indicates that the Mce1 and Mce4 transporters require shared proteins 

that are not encoded in any of the four mce operons to maintain their stability and function. 

Previously, we determined that although these transporters are specific for their respective 

substrates, Mce1 and Mce4 share a common protein (LucA/Rv3723) that facilitates transporter 

activity (18). LucA is not encoded in an mce operon, yet this protein stabilizes Mce1 and facilitates 

Mce1- and Mce4-mediated transport (18, 19). Specific members of the orphaned Mce-associated 

membrane protein (Omam) family also stabilize Mce1 and Mce4 transporters in M. smegmatis (16, 
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20). It was also previously proposed that the Mce1 and Mce4 transporters both require the shared 

ATPase MceG to provide energy to drive import of their substrates (19, 21). This was based on a 

genetic interaction mapping screen that predicted mceG functions in the same pathway as the mce1 

and mce4 loci (21). MceG is also homologous to the nucleotide binding domain subunits of ABC 

transporters, and it was hypothesized that MceG associates with the YrbEAB proteins of the Mce 

complexes, which are homologous to the permease subunits of ABC transporters. MceG and its 

homologs have been characterized in the context of cholesterol utilization, and these proteins are 

necessary for cholesterol import in Rhodococcus josti, Mycobacterium smegmatis, and Mtb (22-

24). A recent genetic screen also confirmed that MceG is necessary during fatty acid import, 

supporting the hypothesis that MceG is the universal ATPase of the Mce transporters in Mtb (19). 

Here, we demonstrate that the ATPase activity of MceG is required for transport of Mce1 and 

Mce4 lipid substrates. Surprisingly, MceG is essential for stabilization of substrate binding 

proteins in the Mce1 complex, but less important for stabilization of proteins in the Mce4 complex. 

Mtb mutants lacking MceG or expressing a catalytically inactive version of MceG display fitness 

defects in mice associated with an inability to import fatty acids and cholesterol. Together these 

results confirm that the ATPase activity of MceG is a weakness in Mtb nutrient utilization that is 

required for two distinct lipid transporters, and this may represent a novel target for tuberculosis 

drug discovery.  
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3.2 Materials and Methods 

 

Strains and growth conditions  

The E coli strains Top10 (Invitrogen) and T7 Express (New England Biolabs) were used for 

cloning. E. coli strains were grown in LB medium and transformants were selected on LB plates 

containing kanamycin (25 μg ml-1), ampicillin (100 μg ml-1) or hygromycin (100 μg ml-1). For 

protein expression, the E coli strain BL21 (DE3) (Stratagene), was used and strains were grown in 

LB medium or Terrific Broth media containing antibiotics. Mtb Erdman strains were cultivated in 

7H9 medium (BD Biosciences) containing OADC supplement (BD Biosciences) unless otherwise 

noted. 7H12 base medium was used as previously described (13) and supplemented with 

cholesterol (100 µM), fatty acids (100 µM), or sodium acetate (0.1%). Stock solutions (1000x) of 

lipid substrates were solubilized in a (1:1 v/v) solution of tyloxapol (Sigma) and ethanol and heated 

to 65°C prior to adding into media, with the final concentration of tyloxapol at 0.05%. The ∆mce1 

and ∆lucA mutant strains were generated as described (18). To create the ∆mceG mutant strain, 

the internal region of the rv0655 open reading frame (111 bp -499 bp) was replaced with a 

hygromycin cassette via allelic exchange and confirmed with sequencing (25). For fatty acid 

toxicity studies Mtb strains were cultured to mid-log phase in 7H9 OADC + 0.05% tyloxapol, and 

then inoculated at an OD600 of 0.005 into 10 ml of 7H12 media lacking casitone and supplemented 

with 25 µM palmitate. Cultures were incubated at 37˚C for 21 days and an OD600 measurement 

was taken every 3-4 days over the course of the incubation period.  

 

Western blot analysis 
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To obtain lysates for western blot analysis, Mtb strains were cultured in 40 ml of 7H9 OADC + 

0.05% tyloxapol to an OD600 of 0.6. Bacteria were harvested through centrifugation and fixed for 

1 hour with 4% PFA. Cells were washed with PBS 0.05% tyloxapol and lysed in 1% SDS using 

sonication. After separation via SDS-PAGE, proteins were transferred to a nitrocellulose 

membrane.  Antibodies for GroEL were obtained from BEI resources and anti-MceG antibodies 

were generated as previously described (18). Antibodies for Mce1A, Mce1D, and Mce1E were a 

gift from Dr. Christopher Sassetti (26).  

 

Protein expression and purification  

To express recombinant MceG, a plasmid containing a truncated version of wild type or mutant 

MceG fused at the N-terminus to a His6-SUMO tag were transformed into E. coli BL21 (DE3) 

cells. To generate MceG point mutants, site-directed mutagenesis was performed using the 

QuickChange method (Agilent). For protein expression, these strains were cultured in 18.0 liters 

of Terrific Broth medium containing kanamycin (50 µg ml-1) to an OD600 of 0.6 at 37˚C. The 

temperature was then lowered to 18˚C and 0.5 mM IPTG (Sigma) was added to induce gene 

expression. Cultures were incubated for 16 hours at 18˚C and shaking at 220 rpm. Cells were 

harvested by centrifugation and sonicated in Buffer A (25 mM Tris HCl, pH 8.5, 500 mM NaCl, 

20 mM imidazole). Centrifugation was used to remove debris and the His-tagged proteins were 

affinity purified using Ni-NTA resin. Protein was eluted off the resin with Buffer B (25 mM Tris 

HCl, pH 8.5, 500 mM NaCl, 500 mM imidazole). A HiPrep 26/10 Desalting column (GE Life 

Sciences) was used to buffer exchange the protein into gel filtration buffer (25 mM Tris HCl, pH 

7.5, 150 mM NaCl), and it was further purified using an S200 size exclusion chromatography 
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column (GE). Purified protein from peak fractions was concentrated to 10 mg ml-1 and stored at -

80 ˚C. Protein purity was assessed via SDS-PAGE and Coomassie staining.  

 

ATPase assay  

ATPase activity of recombinant wild type or mutant MceG was measured using the Enzcheck 

Phosphate Assay kit (Invitrogen). A reaction mixture was made following the kit instructions and 

scaled to reaction volume of 200 μL. The reaction mixture was added to a 96-well plate along with 

recombinant wild type or mutant MceG at concentrations of 2.5, 5, 12.5, and 25 µM. Following 

the addition of 0.5 mM ATP, inorganic phosphate accumulation was assessed over time through 

measurement of the absorbance at 360 nm using an Envision plate reader (Perkin Elmer).  

 

Lipid uptake assays 

Lipid uptake was quantified as described previously (18) with slight modifications. Briefly, Mtb 

was cultured in T25 tissue culture flasks with 7H9 AD supplemented with 0.01% glycerol and 

0.05% tyloxapol for five days. Cultures were then concentrated to an OD600 of 0.7 in 7.0 ml using 

spent medium and were incubated with 1 µCi of [14C(U)]-palmitate (Perkin Elmer) or [4-14C] 

cholesterol (Perkin Elmer) at 37˚C for 2 hours. As done previously, samples of 1.5 ml were 

removed at 5, 30, 60, and 120-minute time points. Cells were washed three times and then fixed 

in 4% PFA. Lipid assimilation was quantified by scintillation counting. For sodium azide 

experiments, flasks were inoculated with sodium azide at a final concentration of 60mM and 

incubated at room temperature for 10 minutes before radiolabel was added.  

 

Radiorespirometry assays 
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Catabolism of radiolabeled lipids was quantified as previously described (18). For sodium azide 

experiments, flasks were inoculated with sodium azide at a final concentration of 60mM and 

incubated at room temperature for 10 minutes before radiolabel was added.  

 

Isolation of RNA and qPCR analysis 

RNA was purified from WT, MceG mutant, complement, D188N or E189Q complement Mtb 

growing in exponential phase.  Bacteria were pelleted and lysed in Trizol LS (Invitrogen) with 0.1 

mm silica beads in a FastPrep-24 bead beating grinder (MP Biomedicals). The RNA was purified 

using Trizol LS per manufacturer instructions with the addition of a second chloroform extraction 

and a second ethanol wash.  The DNA was digested using TURBO DNA-free Kit (Invitrogen). 

For relative quantification of gene expression, cDNA was generated from 250 ng of RNA using 

iScript cDNA synthesis kit (Biorad) and real-time PCR was performed using the iTaq SYBR Green 

kit (Biorad) on the 7500 Fast Real-Time PCR System (Applied Biosystems). Gene-specific 

primers were designed using Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and 

synthesized (IDT). The sigma factor gene sigA (Rv2703) was used to normalize each sample and 

approximate fold induction compared to WT was calculated using the 2-ΔΔCT method (27). Average 

and range of fold induction were calculated using the average and standard deviation of ΔΔCT 

from 4 experimental replicates, and statistical changes in ΔΔCT were determined using two-way 

ANOVA and Dunnett’s multiple comparisons (28).  

  

Mouse infection studies  

Six to eight-week-old female BALB/cJ wild type mice (Jackson Laboratories) were infected with 

1000 CFU of Mtb strains via an intranasal delivery method as described (29). The mice were 
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anesthetized with isoflurane and 25 μl of bacteria were introduced into both nares. For aerosol 

infection studies, the mice were infected using an aerosol inhalation exposure system (Glass-Col) 

with a calibrated dose of 100 bacilli. At sacrifice, the lungs were removed and half of the lungs 

were fixed in 4% PFA overnight for histology studies, while another half was used for bacterial 

load quantification. For the latter, lungs were homogenized in PBS 0.05% Tween-80 and plated 

on 7H10 OADC agar. CFU were quantified after 3–4 weeks incubation at 37°C. 
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3.3 Results  

3.3.1 MceG exhibits ATPase activity 

MceG contains the conserved canonical Walker A and B motifs required for ATP binding and 

hydrolysis, as well as an ABC transporter family signature motif (8). MceG is necessary for Mce4 

mediated transport of cholesterol in Mtb, and a conserved residue in the Waker A motif (K66) is 

required for MceG function and Mtb viability during infection (21). Additionally, import of 

cholesterol in the related Actinobacteria, Rhodococcus jostii RHA1, and in M. smegmatis can be 

abolished via treatment with the ATPase inhibitors DCCD or vanadate, suggesting that cholesterol 

import is dependent on ATP hydrolysis (22, 23, 30). Moreover, no other mceG-like gene has been 

identified in Mtb (23). While these observations strongly suggest that the ATPase activity of MceG 

is required for Mce-mediated transport, the activity of MceG has yet to be demonstrated directly. 

To test this, we selected a highly conserved aspartic acid residue within the Walker B motif 

predicted to be necessary for ATPase activity, and created an expression plasmid to mutate it to an 

asparagine residue (D188N). Then, recombinant forms of the wild type MceG and a catalytically 

inactive version of MceG (MceGD188N) protein were fused to an N-terminal His6-SUMO tag to 

enhance solubility and facilitate purification (Figure 3.1a). The recombinant proteins were purified 

to homogeneity and analyzed for ATPase activity (Figure 3.1b). The effective activity (background 

subtracted) for wild type MceG was 0.102 +/- 0.007 Pi min-1 (Figure 3.1b and 3.1c). Background 

ATPase activity was detected when recombinant MceGD188N activity was assessed, which may be 

due to partial inactivation of the enzyme via this single mutation, or to contaminating ATPases 

carried over from the purification process. We predict that the low but detectable ATPase activity 

measured here reflects a requirement for additional components of the various Mce complexes to 
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activate or stabilize the MceG ATPase, similar to what has been observed with the related E. coli 

transporter complex, MlaFEBD (31, 32).  

 

3.3.2 The ATPase activity of MceG is required for cholesterol and fatty acid utilization 

We next quantified fatty acid import and metabolism of this substrate in Mtb lacking either 

MceG or Mtb expressing MceG lacking ATPase activity. For this, we generated an Mtb mutant 

with mceG/rv0655 deleted by allelic exchange (ΔMceG), and we complemented this strain with 

an integrating vector that expresses wild type MceG (ΔMceG +MceGWT) from the native mceG 

promoter. We also generated point mutations in conserved residues of the Walker B motif in mceG 

in the complementing plasmid to generate catalytically inactive versions of MceG (ΔMceG 

+MceGD188N or ΔMceG+MceGE189Q). Relative to wild type or ΔMceG +MceGWT, the ΔMceG 

mutant has a ~90% reduction in the rate of 14C-palmitic acid import (Fig. 3.1d). Bacteria expressing 

the catalytically inactive versions of MceG displayed a similar reduction in the rate of fatty acid 

import (Fig. 3.1d). We also measured oxidation of 14C-palmitic acid and found that there was an 

~85% reduction in the amount of fatty acid oxidized by the ΔMceG mutant relative to wild type 

and the complemented control (Fig. 3.1e). Catalytically inactive versions of MceG failed to 

complement the ΔMceG mutant and displayed a similar reduction in levels of fatty acid oxidation 

(Fig. 3.1e).   

We also measured requirement of the ATPase activity of MceG in cholesterol import and 

metabolism. Relative to wild type or the complemented control, the ΔMceG mutant has a ~50% 

reduction in the rate of 14C-cholesterol import (Fig. 3.1f). The catalytically inactive versions of 

MceG failed to fully complement the mutation, and displayed a ~25% reduction in the rate of 14C-

cholesterol import (Fig. 3.1f). Metabolism of 14C-cholesterol was also decreased in bacteria 
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lacking MceG or MceG ATPase activity. The ΔMceG mutant had defective (~90% decrease) 14C-

cholesterol metabolism relative to wild type and ΔMceG +MceGWT bacteria. The catalytically 

inactive versions of MceG also failed to complement the ΔMceG mutant and displayed a similar 

reduction in the levels of cholesterol metabolism by these bacteria (Fig. 3.1g).  

Notably, quantifying the rate of 14C-cholesterol uptake in Mtb is challenging due to the 

hydrophobic nature of both the bacterial cell wall and cholesterol. Surface bound 14C-cholesterol 

may account for ~30-50% of the radioactive counts we observed in the uptake assay, which can 

still be detected even when the Mce4 cholesterol transporter is mutated (Fig. 3.1f) and (18, 20, 24). 

This residual cholesterol binding is detected despite the fact that deleting the permease subunit of 

the Mce4 cholesterol transporter (YrbE4A) leads to a ~90% decrease in 14C-cholesterol 

metabolism via the CO2 release assay (18). To determine how much of the bound 14C-cholesterol 

quantified in the uptake assay is ATP-dependent, we assessed the ability of wild type and ∆MceG 

mutant bacteria to import cholesterol in the presence of sodium azide. Sodium azide can inhibit 

metalloenzymes in the respiratory chain by binding their metal groups, and has been shown to 

inhibit ATP hydrolysis by ATPases, effectively abolishing active transport into the cell that is 

ATP-dependent (33). In ∆MceG mutant bacteria, sodium azide treatment completely abolished the 

remaining levels of palmitate binding to the cells (Fig. 3.2a). This suggests that the residual 

radioactive counts associated with palmitate binding in the ∆MceG strain were dependent on active 

uptake, and this can be differentiated during our routine protocol for washing excess substrate off 

of the cells prior to scintillation counting. However, azide treatment did not decrease the levels of 

radioactive counts detected on either WT or ∆MceG Mtb when cholesterol binding was assessed 

(Fig. 3.2b). This suggests that in our uptake assay, radiolabeled cholesterol is binding to the 

bacterial cells in both WT and ∆MceG Mtb in a manner that is not dependent on ATP-driven 



 107 

transport. In parallel, sodium azide was sufficient to abolish 14C-cholesterol metabolism in WT 

Mtb and ΔMceG +MceGWT bacteria (Fig. 3.2c).  
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Figure 3.1. The ATPase activity of MceG is required for utilization of cholesterol and fatty 
acid. (A) The domain arrangement of relevant transporter ATPase subunits. The maltose 
transporter ATPase (MalK), The triglactosyl-diacylglycerol transporter ATPase subunit of plastids 
(Tgd3), ATPase subunits of the class II, energy-coupling factor or ECF transporters (EcfA1 and 
EcfA2). The (A&B) designation indicate the position of the Walker A and B motifs in the ATPase 
subunits. The C-terminal extensions depicted in blue indicate the ATPase regulatory regions. The 
conserved ATPase catalytic residues of MceG are present within the canonical Walker A and B 
motifs. (B) ATPase activity of recombinant wild type MceG and catalytically inactive MceG 
(D188N). Phosphate release kinetics were measured over five protein concentrations, with the 
average of six technical and one biological replicate plotted in μM Pi released min-1. (C) kcat values 
calculated from the rates displayed in panel B. Error bars show SEM of average turnover rate for 
WT and D188N mutant. (D) Whole cell quantification of the rate of palmitic acid import by Mtb 
cells. (E) Metabolic oxidation of palmitic acid to CO2. (F) Whole cell quantification of the rate of 
cholesterol import by Mtb cells. (G) Catabolic release of CO2 from cholesterol. Lipid utilization 
data (n ≥ 4) ± SEM. Significance was calculated using the Student’s t-test (**** P < 0.0001, ** P 
< 0.05).   
 

 

 



 109 

 

Figure 3.2. Residual binding of 14C-palmitate in ∆MceG Mtb is ATP-dependent, while 14C-
cholesterol is not. (A) Whole cell quantification of the rate of palmitate import by ∆MceG mutant 
Mtb cells, treated with dH2O control or sodium azide (NaN3). (B) Whole cell quantification of the 
rate of cholesterol import by WT (left) or ∆MceG mutant (right) Mtb cells, treated with dH2O 
control or sodium azide. (C) Catabolic release of CO2 from cholesterol in Mtb strains treated with 
dH2O control or sodium azide). Comp. = ΔMceG +MceGWT strain. Data are from one (A and C) 
or two experiments (B), with ≥2 technical replicates each.  
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3.3.3 The ATPase activity of MceG is required to stabilize Mce proteins 

Recent evidence indicates that the Mce1 transporter is destabilized or improperly assembled 

when key subunits of the transporter complex are deleted. For example, Mce1 proteins are 

degraded in the absence of LucA (18) and OmamA (16, 20). Until recently, antibodies were not 

available to assess degradation of Mce4 complex proteins in parallel, so their status in these mutant 

backgrounds is not yet known. To investigate the effect of inactivating MceG-dependent ATPase 

activity, we analyzed bacterial lysates by immunoblotting for Mce1 and Mce4 proteins in MceG 

deficient versus sufficient strains. We found that the putative substrate binding protein of the Mce1 

transporter (Mce1A) is depleted in the MceG mutant (Fig. 3.3a,b). Additionally, putative substrate 

binding proteins of Mce1 (Mce1A and Mce1E) are depleted in bacterial strains expressing 

catalytically inactive variants of MceG (MceGD188N or MceGE189Q) (Fig. 3.3b). Quantification of 

mce1 transcript levels with qPCR confirmed that expression of the genes in this operon were not 

significantly different in the ∆MceG, ΔMceG +MceGD188N, ΔMceG+MceGE189Q strains relative to 

WT (Fig. 3.3c). Thus, the absence of Mce1 proteins in strains lacking functional MceG is not due 

to an absence in gene expression. This suggests that the MceG protein, and its ATPase activity in 

particular, are required for the stabilization of Mce1 complex proteins.  

In parallel, we performed immunoblotting for select Mce4 complex proteins. In contrast to our 

findings with the Mce1 complex, we observed less significant reductions in substrate binding 

proteins of the Mce4 complex (Mce4A and Mce4E) in the MceG-deficient strains (Fig. 3.4). The 

mce4 transcript levels were equivalent between all strains (Fig. 3.3c). Together, these data provide 

evidence that MceG, and more specifically the ATPase activity of MceG, plays a role in stabilizing 

components of the Mce1 transporter complex, but a lesser role in stabilizing components of the 
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Mce4 complex, which is consistent with our proposed interpretation of the cholesterol uptake and 

metabolism assays above.  
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Figure 3.3. MceG ATPase activity is required to stabilize the Mce1 transporter complex. (A) 
Organization of genes in the Mce1 and Mce4 operons. (B) Mtb whole cell lysates probed with 
anti-Mce1A (1:1,000), anti-Mce1D (1:1,000), anti-Mce1E (1:1,000) or anti-GroEL2 (1:10,000). 
GroEL2 as the loading control, Western blots depicted are representative images of two 
independent replicates. Densitometry was performed with each western blot and all values were 
normalized to those of the corresponding loading control. Ratios of the proteins levels of an 
individual lysate compared to the corresponding wild type lysate are expressed as percentages inset 
below each blot. (C) qPCR quantification of RNA transcripts from the Mce1 and Mce4 operons. 
Transcript levels were normalized to the housekeeping gene sigA.  
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Figure 3.4. Abolishing MceG ATPase activity less severely impacts stabilization of Mce4 
complex proteins. Mtb whole cell lysates probed with anti-Mce4A, anti-Mce4E, or anti-GroEL2. 
GroEL2 is the loading control. Western blots depicted are representative images of two 
independent replicates Densitometry was performed with each western blot and all values were 
normalized to those of the corresponding loading control. Ratios of the proteins levels of an 
individual lysate compared to the corresponding wild type lysate are expressed as percentages inset 
below each blot. 
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3.3.4 MceG ATPase activity is required for full fitness of Mtb during murine infection 

The in vivo fitness of an MceG mutant has only been reported from mice using an intravenous, 

competitive infection assay (21). Previously, we determined that Mtb mutants that are unable to 

utilize both cholesterol and fatty acids have a colonization defect in the lungs of mice (18). Using 

the same intranasal infection model, we characterized the fitness of Mtb lacking MceG. We found 

that the ΔMceG mutant displayed a characteristic delay in bacterial numbers during the first 2-3 

weeks post-infection, resulting in a ~0.5-1.0 log10 reduction in CFUs across the remainder of the 

infection (Fig. 3.5a). The decrease in bacterial CFUs correlates with reduced inflammation in the 

lungs (Fig. 3.5b). Additionally, the bacterial burden of the ΔMceG mutant was reduced by a greater 

magnitude (~2.0-3.0 log10 CFU) in the spleens of the animals, which is a measurement used to 

assess dissemination of bacteria from the lungs (Fig 3.5c). Lastly, we aerosol challenged mice with 

wild type Mtb, ΔMceG, or the catalytically inactive MceGD188N strain and quantified the bacterial 

burden at 4-weeks post infection. Relative to wild type, bacteria expressing inactive MceG had a 

~0.5-1.0 log10 reduction in CFUs at this time point, similar to the ΔMceG mutant (Fig. 3.5d). 

Together these data confirm that MceG plays a critical role in facilitating nutrient import necessary 

for full virulence in Mtb and that blocking the ATPase activity of MceG impairs Mtb fitness during 

infection. 
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Figure 3.5.  MceG is required for complete Mtb fitness in vivo. (A-D) BALB/c mice were 
infected by intranasal inoculation using similar numbers of bacteria. (A) Colony forming units of 
wild type, ΔMceG, and ΔMceG+MceG(wild type) bacteria from the lungs of mice individually 
plotted. (B) Histopathology as scored by a pathologist in a blinded manner. Score numbers 
represent the extent of inflammatory lesions: 0, no lesions; 1, mild inflammation; 2, moderate 
inflammation; 3, marked inflammation.   Data represent two or more independent experiments. 
(C) Colony forming units of wild type, ΔMceG, and ΔMceG+MceG(wild type) bacteria isolated 
from the spleens of mice at day 56. All data in are for n = 5 mice per time point. Data are means ± 
SEM. Significance was calculated using Mann-Whitney test (* P < 0.05, ** P < 0.005). (D) Colony 
forming units on day 28 post infection from the lungs of mice that were aerosol infected with 100 
CFU wild type, ΔMceG, and ΔMceG+MceG(D188N). Data in (D) are for n = 4 mice per time 
point. Data are means ± SEM. Significance was calculated using Mann-Whitney test (* P < 0.05).  
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3.4 Discussion 

The Mtb genome contains four closely related mce operons (mce1-4) that likely encode four 

separate, substrate-specific transporters. It is established that Mce1 imports fatty acids and Mce4 

imports cholesterol, but the substrates of Mce2 and Mce3 remain unknown (18, 24). Recently, we 

discovered that transport activity of Mce1 and Mce4 require the protein LucA. Although LucA is 

not encoded in any mce operon, it is necessary to stabilize the Mce1 transporter complex (18). This 

finding and others support a model in which each of the substrate-specific Mce transporters also 

require shared proteins to regulate and/or facilitate transport activity (20). Our recent genetic 

screen also revealed that transposon insertions in MceG disrupted fatty acid uptake in the bacteria 

during infection in macrophages (19). With the exception of one study that examined the fitness 

cost of mutating a residue (K66N) in the Walker A motif of MceG, previous conclusions drawn 

from whole cell and in vivo studies about the functions of MceG in Mtb were based on MceG 

deletion mutants. Thus, it had not been directly confirmed that i) MceG has ATPase activity and 

ii) this activity is required for the function of MceG in lipid translocation in to Mtb. Therefore, this 

work sought to confirm the ATPase activity of MceG and to examine the relationship between 

MceG ATPase activity and the binding and translocation of two different substrates (cholesterol 

and fatty acids) for metabolism. Additionally, we sought to examine whether loss of MceG activity 

confers a fitness cost to Mtb in a model of TB infection that did not rely on intravenous or 

competitive infection, but instead infected the lung as the primary site (21). Using the same 

infection model we used while studying the LucA mutant allowed us to draw comparisons between 

the roles of LucA and MceG during infection.  

Here, we used purified recombinant MceG to confirm the ATPase activity of this protein. We 

also confirmed that a point mutation in a conserved residue of the Walker B motif decreases 
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ATPase activity of MceG. Complementing the ∆MceG strain with this catalytically inactive point 

mutant compared to wild type mceG allowed us to confirm that the ATPase activity of MceG is 

required for fatty acid and cholesterol metabolism, and that MceG plays a preferential role in 

stabilizing Mce1 complex proteins or preventing their degradation. The Mce4 complex proteins 

appear to be partially or fully in tact in the MceG mutant strains. Quantification of transcription 

confirmed that this was not due to differences in mce gene expression. In the future, pre-treating 

cultures with chloramphenicol to suppress synthesis of new protein in the bacteria prior to 

generating lysates for Western blots may help clarify the degree to which Mce proteins are 

degraded (18). In murine models of infection, MceG was required for colonization and 

dissemination or maintenance of bacterial CFUs in the spleen during chronic infection. This 

phenotype was similar to the ∆LucA strain. Interestingly, ∆LucA Mtb exhibited MceG protein 

degradation, and this effect on MceG was offered as one potential explanation for the dual defect 

the LucA mutant has in fatty acid and cholesterol utilization, and its fitness defect during infection 

(18). Together these data suggests that MceG is a universal ATPase that is required to power 

translocation of substrates via the Mce1 and Mce4 complexes, and may function as the nucleotide 

binding domain protein for all of the Mce transporters in Mtb. 

Notably, we identified a discrepancy between the cholesterol uptake and metabolism assays in 

the ∆MceG strain. We observed a partial defect in cholesterol uptake in ∆MceG relative to WT, 

and a more significant defect in cholesterol metabolism. In both the WT and the ∆MceG strains, 

treatment with sodium azide to abolish active transport into the cytoplasm was not associated with 

a further decrease in radiolabeled cholesterol binding to the cells during the uptake assay. 

However, sodium azide did inhibit cholesterol metabolism. This is in contrast to our results using 

radiolabeled fatty acid, where we observed little residual binding of the fatty acid in ∆MceG 
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bacteria, and sodium azide treatment abolished the remaining binding of fatty acid to the cells. 

Combined with our observation that Mce4 but not the Mce1 substrate binding proteins remain 

intact in the ∆MceG strain, these results are consistent with a model in which cholesterol binds in 

proportion to the Mce4 complex proteins present on the cells in a mechanism that is not dependent 

on ATP, but ATP-dependent translocation of cholesterol across the inner membrane is required 

for cholesterol catabolism. In this model, sodium azide treatment would impair cholesterol 

metabolism but not cholesterol binding in WT Mtb because the cholesterol can bind to the cell but 

cannot be translocated into the cytoplasm. Similarly, if Mce4 proteins are partially or fully intact 

on ∆MceG bacteria, then cholesterol binding would be minimally changed relative to WT and 

sodium azide would not abolish cholesterol binding any further, but cholesterol metabolism would 

be reduced significantly relative to WT. It is possible that cholesterol binds to the cells in a manner 

than is non-specific for the presence or proportion of Mce4 substrate binding proteins present, and 

is instead proportional to the presence of another unidentified surface lipid or protein. However, 

the assay is unlikely to be measuring cholesterol binding that is entirely non-specific. If the binding 

were entirely non-specific, then we should not have been able to detect the significant differences 

we identified in the rate of cholesterol uptake with the LucA, Mce4, and MceG mutants (18). 

Previous uptake assays examined Mce4 mutants in which only the permease subunit (YrbE4A) 

was deleted (18, 24). Although this was predicted to have polar effects on the entire operon, it 

remains possible that some of the downstream Mce4 substrate binding proteins are still expressed 

in this strain, generating the partial defect in cholesterol binding (~40%) but a large (~85%) 

decrease in cholesterol metabolism that was reported in this mutant (18). Indeed, the decoupling 

of cholesterol binding and metabolism was also observed previously in a strain of Mtb in which 

the last gene in the mce4 operon was deleted (∆Mam4B) which plausibly leaves the substrate 
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binding proteins of Mce4 intact. No significant difference in cholesterol uptake was observed in 

∆Mam4B Mtb, while cholesterol metabolism was reduced by ~85% (18). In the future, it would 

be helpful to examine this hypothesis directly by characterizing these other mutants via anti-Mce4 

immunoblotting or proteomics to determine if Mce4 proteins are intact.  

Precisely how MceG interacts with the different Mce transporters remains unknown. Each of 

the four mce operons encode two integral membrane permease subunits (YrbEAB). All eight of 

these putative Mce permease subunits have a similar predicted transmembrane topology with a 

highly conserved, 47 amino acid “EExDA motif” located in the penultimate cytosolic loop (15). 

This cytosolic motif was hypothesized to be a shared interaction site for MceG on each of the 

transporters (15). It is likely that MceG binds and stabilizes the individual Mce transporters in Mtb 

since co-expression of any Mce locus or the Mce1 permease subunits increases the stable 

expression of MceG in a heterologous expression system (21). Consistent with this, we found that 

deleting the mceG gene or expressing a catalytically inactive version of MceG was sufficient to 

destabilize or degrade proteins of the Mce1 transporter in Mtb. A recent report describes a stability-

based mechanism to regulate ABC transporters that are related to the Mce transporters of Mtb. The 

E. coli Mla transporter facilitates movement of phospholipids across the periplasm and utilizes an 

ABC ATPase, MlaF, to energize this process (17). The permease protein in this system, MlaE, was 

modeled to interact with MlaF via co-evolved residue pairs on the cytoplasmic end of MlaE and 

the membrane-apposed surface of MlaF (17). Importantly, a soluble STAS-domain containing 

protein, MlaB, is proposed to regulate the Mla transporter by stabilizing the MlaF dimer, either by 

preventing its degradation or by increasing affinity of MlaF for the transporter (31). Therefore, it 

is possible that additional proteins such as LucA may be required to facilitate the binding of MceG 
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to the Mce transporters leading to stabilization of the Mce transporters (18). This is particularly 

relevant given that LucA was required to maintain MceG protein levels in Mtb. 

Here, we have described the first account of ATPase activity for MceG, but details of the 

relationship between its ATPase activity and regulation of the Mce complexes remain to be 

investigated. Purification of MceG proved to be difficult, but low levels of specific ATPase activity 

were detectable using recombinant protein. Interestingly, Kolich et al. also described difficulty in 

purifying the MlaF ATPase alone and only achieved purification when MlaB was co-expressed, 

and the ATPase activity of MlaF was established when MlaF was purified in complex with the 

Mla transporter (31, 32). MceG conserves a canonical Walker A domain that likely coordinates 

ATP via hydrogen bonding with the β-phosphate and a Walker B domain which is expected to 

provide the carboxylate residue needed to coordinate Mg2+ for ATP hydrolysis (34). We focused 

on the catalytic residues found in the Walker B motif of MceG because enzymes (e.g. chaperone 

ATPases) lacking these residues typically still bind but do not hydrolyze ATP (35). ABC 

transporters harness energy from ATP binding and hydrolysis to do mechanical work by driving 

conformational changes in their associated transmembrane domain proteins (36). The 

conformational changes adopted by this family of related ATPase enzymes are often dramatic (37) 

and likely have a stabilizing role for the transporters they engage (38-41). If the transport cycle 

driven by MceG parallels other ATPases in the literature, we would predict that the point mutations 

we generated could allow MceG to bind ATP but not to hydrolyze it, precluding conformational 

changes from an outward-facing, pre-hydrolysis state to an inward-facing, post-hydrolysis or 

resting state and preventing translocation of Mce lipid substrates (36).  

To conclude, these findings confirm the ATPase activity of MceG and demonstrate that this 

activity contributes significantly to Mtb virulence and pathogenesis. Inactivating ATPase activity 
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of MceG blocks the import and metabolism of multiple lipid substrates. Since inactivating MceG 

results in a loss of fitness in Mtb during infection, we view this as a potential strategy to block 

Mtb’s ability to utilize multiple nutrients. In particular, by chemically inhibiting MceG it may be 

possible to negatively impact Mtb’s fitness and enhance our current treatment options. Very little 

is known about how Mtb coordinates the utilization of multiple, complex carbon sources during 

infection, and in controlled in vitro conditions Mtb appears to lack traditional carbon catabolite 

repression systems and instead co-catabolizes multiple carbon sources simultaneously (42). 

Although ∆MceG Mtb exhibits a significant growth defect during infection in mice, this defect 

was not sufficient to preclude bacterial survival altogether. In the future it would be interesting to 

characterize the alternative carbon sources or stress adaptations that ∆MceG Mtb adopts to survive 

despite the severe defect in cholesterol and fatty acid metabolism it exhibits in vitro. This may 

provide additional insights into how to maximize the efficacy of chemically targeting the MceG 

pathway in combination with other bacterial adaptations in the future.  
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CHAPTER FOUR 

Pharmacological and genetic activation of cAMP synthesis disrupts cholesterol utilization 

in M. tuberculosis 
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ABSTRACT 

 

There is a growing appreciation for the idea that bacterial utilization of host-derived lipids, 

including cholesterol, supports Mycobacterium tuberculosis (Mtb) pathogenesis. This has 

generated interest in identifying novel antibiotics that can disrupt cholesterol utilization by Mtb in 

vivo. Here we identify a novel small molecule agonist (V-59) of the Mtb adenylyl cyclase 

Rv1625c, which stimulates 3’, 5’-cyclic adenosine monophosphate (cAMP) synthesis and inhibits 

cholesterol utilization by Mtb. Similarly, using a complementary genetic approach that induces 

bacterial cAMP synthesis independent of Rv1625c, we demonstrate that inducing cAMP synthesis 

is sufficient to inhibit cholesterol utilization in Mtb. Although the physiological roles of individual 

adenylyl cyclase enzymes in Mtb are largely unknown, here we demonstrate that the 

transmembrane region of Rv1625c is required for cholesterol metabolism. Finally, in this work the 

pharmacokinetic properties of Rv1625c agonists are optimized, producing an orally-available 

Rv1625c agonist that impairs Mtb pathogenesis in infected mice. Collectively, this work 

demonstrates a novel role for Rv1625c and cAMP signaling in controlling cholesterol metabolism 

in Mtb and establishes that cAMP signaling can be pharmacologically manipulated for the 

development of new antibiotic strategies.  
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4.1 Introduction 

Tuberculosis (TB) remains a prevalent infectious disease worldwide that claims ~1.4 million 

lives and afflicts ~10 million new individuals annually (1). TB is caused by Mycobacterium 

tuberculosis (Mtb), and it is an ongoing challenge to identify antibiotics with novel bacterial targets 

that can shorten treatment, limit side-effects, and reduce disease relapse. An important aspect of 

Mtb pathogenesis is that the bacterium persists in the human lung within lipid-rich phagocytes 

and/or tissue lesions while promoting pathology that is required for dissemination and transmission 

(2). Mtb primarily lives within macrophages and stimulates the formation of lipid-loaded cells (3, 

4), but the bacterium can also survive in the acellular core of necrotic granulomas that are rich in 

cholesterol, cholesterol ester, and triacylglycerol (2, 5). It is generally understood that Mtb utilizes 

host-derived lipids, including cholesterol, as key nutrients to survive during persistent infection 

(6). Mtb completely degrades cholesterol into two- and three-carbon intermediates that are 

metabolized for energy production or serve as biosynthetic precursors of cell wall or virulence 

lipids (6). In animal models, Mtb requires cholesterol metabolism to maintain optimal chronic lung 

infection (7-11) and cholesterol utilization was recently found to belong to a set of “core virulence 

functions” required for Mtb survival in vivo across a genetically diverse panel of mice (12). 

Furthermore, it was recently demonstrated that a multi-drug resistant strain of Mtb is more 

dependent on cholesterol for growth than an H37Rv reference strain (13). Thus, the cholesterol 

metabolic pathway in Mtb represents a novel, genetically validated target for drug discovery. 

However, tools to pharmacologically inhibit this pathway during infection in vivo have yet to be 

developed.    

Signaling through the universal second-messenger 3’,5’-cyclic adenosine monophosphate 

(cAMP) has long been studied in a variety of prokaryotic and eukaryotic systems. In pathogenic 
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bacteria, cAMP is essential in regulating functions such as carbon metabolism, virulence gene 

expression, biofilm formation, drug tolerance, and manipulation of host cell signaling (14-16). 

How cAMP signaling regulates Mtb physiology during infection is not well understood, partly due 

to the limited tools available for investigating this and the myriad of pathway components present 

in Mtb. The Mtb genome encodes an unusually large repertoire of at least ten biochemically active 

class III adenylyl cyclase (AC) enzymes, which catalyze the intramolecular cyclization of ATP to 

form cAMP when activated. These ACs are structurally diverse, and the majority of these proteins 

are composed of a catalytic domain along with other accessory domains, which are thought to 

participate in regulatory or effector functions (17). Studies using recombinant expression systems 

have proposed environmental stimuli (e.g. pH, fatty acids, or HCO3-/CO2) for five Mtb ACs (18-

22). Additionally, Mtb possesses twelve predicted downstream cAMP-binding effector proteins, 

only four of which have been functionally characterized (23-28). Thus, our understanding of how 

individual ACs and downstream cAMP-dependent effector proteins regulate specific aspects of 

Mtb physiology is extremely limited. To date, no individual AC enzyme has been directly linked 

to the regulation of a specific biological or metabolic process in Mtb. 

We previously identified a series of compounds that inhibit Mtb growth in macrophages and 

in media containing cholesterol (29). The activity of a subset of these compounds was dependent 

on the AC Rv1625c, and compound treatment increased cAMP production in Mtb (29). The 

Rv1625c protein is composed of at least four structural elements: an N-terminal cytoplasmic tail, 

a six-helical transmembrane domain, a cytoplasmic helical domain, and a C-terminal cyclase 

domain. Based on its topology and sequence homology, Rv1625c is comparable to ‘one-half’ of a 

mammalian membrane-associated AC (30). Rv1625c forms a homodimer to generate two active 

sites composed of complementary residues, and conserved active site residues as well as the 
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cytoplasmic tail and helical domain have been linked to its catalytic activity (31-33). Although it 

has been proposed that Rv1625c may be activated by binding HCO3-/CO2 or lipophilic ligands, it 

remains unclear what the native role of Rv1625c is in Mtb during infection (19, 34, 35). The 

possibility that we had identified chemical tools comparable to forskolin in the Mtb system led us 

to investigate the mechanism of these Rv1625c-dependent compounds and their impact on Mtb 

carbon metabolism and pathogenesis. We were especially motivated to test the hypothesis that 

activating cAMP synthesis in Mtb through an Rv1625c agonist could disable cholesterol utilization 

and undermine Mtb persistence during infection in mice.  

To carry out these studies, we re-examined our previously identified screening hits for 

Rv1625c-dependent compounds with favorable pharmacokinetic properties. From these, we 

selected a potent compound (V-59) that permitted both in vitro and in vivo studies to examine the 

impact that chemically activating cAMP signaling has on Mtb metabolism. In this work, we 

determined that V-59 is an Rv1625c agonist, and its ability to inhibit Mtb growth in macrophages 

and cholesterol is dependent on Rv1625c and an associated increase in cAMP synthesis. 

Additionally, we found that the transmembrane domain of Rv1625c is necessary for the complete 

metabolism of cholesterol, linking the protein target of V-59 directly to the cholesterol utilization 

pathway. This finding connects a single AC to the regulation of a downstream metabolic pathway 

in Mtb for the first time. Using a complementary genetic approach, we developed an inducible 

system to activate cAMP synthesis independent of V-59 and Rv1625c, and determined that 

upregulating cAMP synthesis is sufficient to inhibit cholesterol utilization in Mtb. V-59 was 

optimized through medicinal chemistry, which produced a lead compound (mCLB073) with 

improved potency and in vivo activity against Mtb when delivered orally to infected mice. 

Collectively, our results reveal a novel cAMP signaling mechanism in Mtb that inhibits cholesterol 
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utilization and may represent an improvement over developing conventional single-step inhibitors 

against this complex pathway. Using a small molecule AC agonist as an antimicrobial compound 

is an unconventional approach, and this study is the first to explore this as a mechanism of action 

to inhibit growth of a bacterial pathogen during infection. 
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4.2 Materials and Methods 

Bacterial culture  

Unless noted, Mtb strains were grown in Middlebrook 7H9 medium supplemented with glycerol 

and OADC (oleic acid, albumin, dextrose, catalase) (Difco). 7H12 medium contained Middlebrook 

7H9 powder (Becton Dickinson), 0.1% casitone, and 100 mmol MES free acid monohydrate, pH 

6.6. Prior to culturing in media containing different carbon sources, bacteria were washed in 7H12 

media without additional carbon sources. Cholesterol was added as tyloxapol:ethanol micelles to 

a final concentration of 100 µM (29). Where specified, 0.1% acetate was added. All liquid media 

contained 0.05% tyloxapol (Acros Organics). Mtb was cultured on Middlebrook 7H10 agar 

supplemented with glycerol and OADC (Difco). Strains were maintained with selective antibiotics 

as described in Table S2. Anhydrotetracyline was prepared in 100% EtOH and used at final 

concentrations of 500 ng/mL or 50 ng/mL.  

 

Construction of mutants and TetOn-cAMP strains 

The rv1625c gene was disrupted in CDC1551 Mtb using allelic exchange (36). ΔRv1625c was 

complemented by overexpressing full-length Rv1625c or the transmembrane domain (amino acids 

V1-D204), from an integrating vector under the control of the hsp60 promoter. The TetOn-cAMP 

strain expresses the His-tagged catalytic domain of Rv1264, under control of the p606 Atc-

inducible promoter. A single amino acid change (D265A) was introduced in the rv1264 sequence 

using site-directed mutagenesis. Base pairs 794-795 were mutated (GAC to GCG) and confirmed 

by sequencing. Details of strains and constructs are listed in Table S2.  
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Growth inhibition measurements  

Growth assays were conducted by inoculating Mtb strains into liquid media at an OD600 of 0.05, 

and measuring the OD600 at three-day intervals. Compounds were added at the indicated 

concentrations initially and every three days throughout. For EC50 measurements, Mtb strains were 

pre-grown in 7H12+acetate media and assayed as described (29). For macrophage infections, bone 

marrow-derived macrophages (BMDMs) were isolated and differentiated from BALB/c mice (36). 

BMDMs were seeded in media without antibiotics in 24-well plates before infection. Cells were 

infected with Mtb. After 2 hours, extracellular bacteria were removed and replaced with fresh 

media containing indicated treatments. Media was replaced every 24 hours for the duration of the 

experiment. Fold changes in CFU’s were determined by lysing macrophages in SDS (0.01%) and 

plating on agar plates.  

 

14CO2 release experiments 

Catabolism of [4-14C]-cholesterol to 14CO2 was quantified as described previously, with minor 

modifications (36). Briefly, Mtb cultures were pre-grown in 7H12+cholesterol+acetate media for 

one week and adjusted to an OD600 of 0.5. DMSO or V-59 were added 45 minutes prior to adding 

[4-14C]-cholesterol. For TetOn-cAMP experiments, bacteria were inoculated at an OD600 of 0.1 

into 7H12+cholesterol+acetate media and treated with EtOH, Atc, or V-59 at the indicated 

concentrations overnight, and again one hour prior to beginning the 14CO2 release assay. Cultures 

were adjusted to an OD600 of 0.5 in their respective media and [4-14C]-cholesterol was added. In 

both cases, 14CO2 released from the vented Mtb culture flasks was collected as described (36).   
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Thin-layer chromatography  

Mtb cultures were grown to an OD of 0.6, then inoculated at an OD600 of 0.4 into 7H12+cholesterol 

media for three days. Cultures were concentrated in their respective media, then [4-14C]-

cholesterol was added, the culture supernatant was collected after 24 hours, extracted in ethyl 

acetate, quantified by scintillation counting, and equal counts (10,000 CPM per lane) were spotted 

for each sample on a silica gel TLC plate (EMD Chemicals). Plates were run in toluene:acetone 

(75:25, v/v) and imaged by phosphorimaging.  

 

Heterologous expression of Rv1625c in cya- E. coli 

The cya-deficient E. coli strain HS26, derived from the TP610 strain, was transformed with the 

pMBC530 plasmid expressing the full Rv1625c ORF or the empty vector control plasmid 

pMBC529 and the strains were grown and induced as previously described (37). After 18 hours, 

sample OD600 values were recorded and supernatants were collected and used to quantify cAMP 

by ELISA. 

 

Quantification of bacterial cAMP  

Bacteria were pre-grown in 7H12+cholesterol+acetate before inoculation into fresh media at an 

OD600 of 0.1 containing either a cAMP-inducing compound (V-59 or Atc) or vehicle control. After 

24-hour incubation, bacteria were collected by centrifugation, and the supernatant was reserved to 

measure secreted cAMP. The pellet was washed with fresh media, resuspended in lysis buffer 

(0.1M HCl, 1% Triton X-100 in H2O), and disrupted by bead beating (MP Biomedical). Cell-free 
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lysates were reserved to measure internal cAMP by ELISA (Enzo Life Sciences). The sum of the 

internal and external values, or the external values alone, for each sample were used to estimate 

the total cAMP produced per 1×108 bacteria.   

 

RNA-seq analysis  

Bacteria were cultured in 7H9OADC before inoculation into fresh media containing a cAMP-

inducing compound (10 µM V-59 or 500 ng/mL Atc) or vehicle control (DMSO or EtOH) at an 

OD600 of 0.1. The following day, bacteria were inoculated into 7H12+cholesterol media containing 

fresh compound or vehicle control. After four hours, cultures were pelleted by centrifugation, 

washed with guanidine thiocyanate-based buffer and stored at -80°C. Pellets were washed and 

suspended in Trizol LS (Ambion) and lysed by bead beating. Total RNA was isolated by 

chloroform extraction and precipitated in isopropanol with GlycoBlue reagent (Thermo Fisher). 

RNA was resuspended in nuclease-free water, genomic DNA contamination was removed using 

the Turbo-DNA free kit (Invitrogen), and rRNA was depleted using the Ribo-Zero Gold rRNA 

removal kit (Illumina). Sample quality was determined via Fragment Analyzer (Advanced 

Analytical) and TruSeq-barcoded RNAseq libraries were generated with the NEBNext Ultra II 

Directional RNA Library Prep Kit (New England Biolabs). Sequencing was performed at the 

Cornell University Transcriptional Regulation and Expression Facility on a NextSeq500 

instrument (Illumina) at a depth of 15 M single-end 75 bp reads. Reads were trimmed for low 

quality and adaptor sequences with TrimGalore, and aligned to the Mycobacterium tuberculosis 

CDC1551 reference genome (GCA_000008585.1) with STAR. DESeq2 was used with default 

parameters and alpha = 0.05 to generate the differential gene expression results. Multiple test 

correction was performed using the Benjamini Hochberg method.  
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Propionyl-CoA reporter Assays 

Fluorescent prpD’::GFP assays in liquid media were conducted in 7H12+cholesterol+acetate as 

described (36). BMDMs were infected at an MOI of 5. Extracellular Mtb was removed after 2 

hours, and replaced with fresh media containing DMSO or V-59. For intracellular TetOn-cAMP 

experiments, the TetOn-cAMP prpD’::GFP strain was pre-induced in 7H9OADC media with 

EtOH, Atc (500 ng/mL), or V-59 (10 µM) for 24 hours prior to infection. After extracellular Mtb 

was removed, fresh media containing EtOH, Atc (3 µg/mL), or V-59 (10 µM) was added to the 

infected BMDMs. After 24 hours, infected BMDMs were scraped and fixed in paraformaldehyde. 

Fixed BMDMs were suspended in lysis buffer (0.1% SDS, 0.1 mg/mL Proteinase K in H2O) and 

lysed by passage through a 25-gauge needle. Pellets were retained for analysis. The GFP MFI was 

quantified from 10,000 bacteria by flow cytometry and analyzed using FlowJo (Becton 

Dickinson). Details of reporter plasmid constructs are listed in Table S2.  

 

Compound optimization 

To identify mCLB073, the potency, safety, and pharmacokinetic properties of the oxadiazole series 

represented by V-59 was optimized. The cellular activity of V-59 analogs were assessed based on 

in vitro potency against Mtb in cholesterol-based media and intramacrophage assays, and 

cytotoxicity counterscreens against mammalian cells to ensure high selectivity.  

 

Pharmacokinetic studies  
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Pharmacokinetic profiles were determined in male CD-1 mice after single dose oral administration 

(20 mg/kg). Stock solutions were prepared in 75% PEG 300, 25% D5W. An aliquot of the dose 

solutions was taken before and after dosing, and stored at –20°C for subsequent analysis. Blood 

samples were collected at standard time points through a retro-orbital bleed from 3 mice per time 

point. Heparinized blood was collected from each mouse and centrifuged to separate plasma for 

quantification of drug concentration by LC/MS analysis. 

 

Analysis of spontaneous resistance to mCLB073  

The frequency of spontaneous resistance to mCLB073 in vitro was estimated by plating Mtb on 

cholesterol agar plates containing mCLB073 (25 µM to 100 µM). Cholesterol was dissolved in 

500 mM methyl-b-cyclodextrin and added to 7H10 agar at 100 µM. 7×105 CFU WT Erdman Mtb 

was spread per 150 mm plate and colonies were enumerated.  Mutant clones were isolated, and 

subjected to EC50 assay. The rv1625c region was amplified by PCR and sequenced to determine 

the location of each mutation. 

 

Western blot analysis 

To confirm expression of His-tagged Rv1264 and Rv1264D265A in the Tet-On Mtb strains, 

bacteria were grown to an OD of 0.6 in 7H9OADC and then inoculated into 7H12+acetate 

containing EtOH or Atc (500 ng/mL) at an OD of 0.15. The following day, an equivalent number 

of bacteria were pelleted for each strain and treatment, and the pellets were fixed in 

paraformaldehyde (4%) for one hour and stored at -80°C. Fixed Mtb pellets were suspended in 

SDS (1%) and probe sonicated (3 x 1 minute cycles). Bacterial debris was removed by 
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centrifugation, and the supernatants were suspended in SDS PAGE loading buffer and boiled for 

30 minutes with periodic vortexing. Equivalent volumes of each sample were resolved by SDS-

PAGE gel and transferred to nitrocellulose membranes. Western blotting was performed using 

either mouse anti-5His (Qiagen), or mouse anti-Mycobacterium tuberculosis GroEL2 (BEI 

Resources, Clone IT-70) primary antibody, and HRP-conjugated goat anti-mouse IgG (Jackson 

ImmunoResearch) secondary antibody. Chemiluminescent substrate (Thermo Fisher Scientific) 

was added and Westerns were imaged by film for anti-His or by ChemiDoc (Bio-Rad) for anti-

GroEL2.  

 

Statistical Analysis 

Averages were chosen as a measure of central tendency throughout. Analyses were performed 

using GraphPad Prism. When data were expected to fit an approximately normal distribution 

Ordinary one-way ANOVA was applied. For multiple comparisons between pre-selected pairs of 

control versus treatment groups, Sidak’s multiple comparisons test was used. For comparisons 

between multiple treatment groups relative to a single control group, Dunnet’s multiple 

comparisons test was selected. Ordinary two-way ANOVA with Tukey’s multiple comparisons 

test was used when it was necessary to analyze the impact of both the strain background and 

compound versus control treatments. Data from mouse experiments were analyzed using non-

parametric tests. For a single pre-planned comparison, a Mann-Whitney test was selected. For 

multiple comparisons, the Kruskal-Wallis test and Dunn’s multiple comparisons test were used. 

Differences with P values < 0.05 were considered significant. For RNA-seq results, significance 

of the log2 fold-change between groups was assigned based on the adjusted p-value for differential 

expression analysis, where significance was assigned when the p-adj value was < 0.05. 
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4.3 Results 

4.3.1 V-59 inhibits Mtb growth and requires Rv1625c for activity 

We previously identified compounds that inhibit Mtb replication in macrophages (29) and 

determined that one of these compounds (V-58) preferentially inhibits Mtb growth in cholesterol 

media in an Rv1625c dependent manner (37). Unfortunately, these previously identified 

compounds have poor potency and pharmacological properties. For example, a resynthesized 

analog of V-58 (sCEB942) displayed sub-optimal intramacrophage potency that could not be 

improved (Fig. 4.1). Similarly, the previously identified compound (mCCY224) displayed poor 

solubility, high plasma protein binding, and high levels of caseum binding (Fig. 4.1). These 

properties precluded the use of these Rv1625c-dependent compounds in mice. Since a primary 

goal of this work was to investigate the impact that activating cAMP synthesis has on Mtb 

physiology during infection in mice, we re-examined our screening hits to identify candidate 

Rv1625c-dependent compounds with more favorable pharmacological properties that are 

permissible for both in vivo and in vitro studies. This effort revealed a small molecule 1-(4-(5-(4-

fluorophenyl)-2H-tetrazol-2-yl)piperidin-1-yl)-2-(4-methyl-1,2,5-oxadiazol-3-yl)ethan-1-one, 

named V-59, that inhibits Mtb replication in macrophages (half maximal effective concentration 

(EC50) 0.30 μM). Because the availability of carbon sources can potentially impact activity of 

chemical inhibitors against Mtb, V-59 was evaluated in different in vitro culture conditions. 

Similar to a previously characterized Rv1625c agonist (37), V-59 inhibits Mtb growth in 

cholesterol media (EC50 0.70 μM) (Fig. 4.2a and Table 4.1) but not in media containing the two-

carbon fatty acid acetate, or in standard rich growth media (Fig. 4.2b and Table 4.1). V-59 also 

displayed a promising pharmacokinetic profile (Table 4.1) and was therefore selected for further 

investigation as a potential Rv1625c agonist.   
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V-59 is structurally distinct from previous cholesterol utilization inhibitor candidates (Fig. 

4.1). Similar to a subset of other cholesterol-dependent Mtb growth inhibitors we identified (29), 

a transposon insertion in the rv1625c gene (Tn::rv1625c) confers resistance to V-59 (Fig. 4.3a). 

Inversely, WT Mtb transformed with an rv1625c overexpression plasmid (2xrv1625c) was ~15-

fold more susceptible to V-59 than WT (Fig 4.3a). This heightened susceptibility suggests a 

mechanism in which V-59 activates Rv1625c, and growth inhibition scales with Rv1625c enzyme 

levels. To test this further, we deleted the gene encoding Rv1625c (ΔRv1625c) and complemented 

this mutation with the entire rv1625c gene (CompFull). The ΔRv1625c mutant is refractory to V-

59 inhibition in cholesterol media (Fig. 4.2a, Fig. 4.3b). Because macrophages contain various 

nutrients that can support Mtb growth (38) we determined that V-59 inhibits Mtb growth in murine 

macrophages in vitro and confirmed that Rv1625c is required for V-59 activity during macrophage 

infection (Fig. 4.2c). Importantly, the ΔRv1625c strain does not have a pan-drug resistance profile 

(Fig. 4.3c). Across all of these assays, the CompFull strain was more susceptible to V-59 treatment 

relative to WT, even in media containing acetate. This is likely because rv1625c is overexpressed 

in the CompFull strain relative to its native expression levels in WT (Fig. 4.3d). We conclude that a 

functional Rv1625c enzyme is required for V-59 activity, and that this compound inhibits Mtb 

growth in cholesterol media and macrophages.  
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Table 4.1. Structures and activities of compounds. MW, molecular weight; --, not determined; 
EC50, half-maximal effective concentration; CC50, 50% cytotoxic concentration; hERG, human 
ether-à-go-go-related gene; IC50, half-maximal inhibitory concentration; ADME, absorption, 
distribution, metabolism, excretion; PPB, plasma protein binding; Cyp, cytochrome P450; ER, 
extraction ratio; PO, per oral. 
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Figure 4.1. V-59 is structurally distinct from other cholesterol utilization inhibitors. Chemical 
structure of previously published single-step cholesterol breakdown inhibitors, and resynthesized 
analogs of previously described Rv1625c-depedent inhibitors. 
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Figure 4.2. V-59 inhibits Mtb growth in an Rv1625c-dependent mechanism. (A and B) Impact 
of V-59 on Mtb growth in cholesterol media (A) and in media containing cholesterol and acetate 
(B). V-59 (10 μM) was added to the cultures every three days, and DMSO is the vehicle control. 
Data are representative of two experiments, with three technical replicates each. (C) Effect of V-
59 on growth of Mtb in murine macrophages. Macrophages were treated with V-59 (25 μM) or 
DMSO. Data are from one experiment (MOI 1 and 0.5) with two or three technical replicates, or 
two experiments (MOI 2) with two technical replicates each (***P < 0.001, ****P < 0.0001, One-
way ANOVA with Sidak’s multiple comparisons test on calculated fold-change in CFU’s). All 
data are means ±	SEM. 

 

 

 

 



 146 

 

Figure 4.3. The inhibitory activity of V-59 in cholesterol media is dependent on Rv1625c. (A) 
Inhibitory activity of V-59 against WT, the Rv1625c transposon mutant (Tn::rv1625c), and WT 
transformed with an overexpression plasmid expressing the rv1625c gene (2xrv1625c) in 
7H12+cholesterol media. (B) Inhibitory activity of V-59 against WT, ΔRv1625c, and Compfull in 
7H12+cholesterol media (left) or 7H12+cholesterol+acetate media (right). Data shown are 
representative, from one experiment with two technical replicates. Symbols are mean data points, 
and curves display nonlinear fit of dose-response. (C) Effect of frontline antibiotics on WT and 
∆Rv1625 in 7H12+cholesterol (INH, RIF, EMB) or in MES-buffered 7H9OADC+glycerol, pH 
5.9 (PZA). Data shown are representative, from one experiment with two technical replicates. 
Symbols are mean data points, and curves display nonlinear fit of dose-response. (D) RNA-seq 
derived normalized counts of rv1625c reads in WT, ∆Rv1625c, and CompFull strains in 
7H12+cholesterol media.  
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4.3.2 Rv1625c is necessary and sufficient for V-59 to stimulate cAMP production 

Rv1625c is a biochemically confirmed AC enzyme that catalyzes the intramolecular 

cyclization of ATP into cAMP (30).  Therefore, we determined whether V-59 increases cAMP 

production in whole bacteria in an Rv1625c-dependent manner. V-59 induced cAMP by ~70-fold 

in WT and ~140-fold in CompFull, but did not affect the ΔRv1625c mutant (Fig. 4.4a). To determine 

whether Rv1625c is sufficient for V-59 to stimulate cAMP production, we heterologously 

expressed the rv1625c gene in an AC-deficient strain of E. coli. This strain is deficient in its own 

single AC (cya- E. coli), ensuring that the cAMP produced in this experiment is due to Rv1625c 

activity (37). V-59 treatment significantly increased cAMP levels in cya- E. coli transformed with 

the Rv1625c expression plasmid (Fig. 4.4b). In Mtb, we found that spontaneous mutations in 

rv1625c confer resistance to V-59 and an optimized analog of V-59 named mCLB073 (Fig. 4.4c, 

Fig. 4.5). Mutations predicted to truncate the Rv1625c protein and inactivate its cyclase domain 

resulted in resistance (Fig. 4.4c). We also identified missense mutations within the transmembrane 

and cyclase domains of Rv1625c that confer resistance; without further biochemical 

characterization, it is ambiguous whether these mutations generate resistance by preventing V-59 

binding to Rv1625c, or by disabling Rv1625c enzyme activity. Together these results indicate that 

V-59 activates Rv1625c selectively in Mtb, and that Rv1625c expression is sufficient for V-59 to 

activate cAMP synthesis, which is necessary for V-59 to inhibit Mtb growth.  
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Figure 4.4. V-59 binds Rv1625c and stimulates cAMP production. (A) Impact of V-59 on 
cAMP production in Mtb. Cultures were treated with V-59 or DMSO for 24 hours. Data are from 
two experiments with two technical replicates each (****P < 0.0001, Two-way ANOVA with 
Sidak’s multiple comparisons test). (B) Impact of Rv1625c agonists on cAMP production in cya- 
E. coli transformed with an empty vector control or an Rv1625c expression plasmid. Supernatants 
were collected 18 hours after addition of V-59, mCLB073, or DMSO. Data is from one experiment, 
with three independent expression clones, and two technical replicates each. (*P < 0.05, **P < 
0.01, ****P < 0.0001, Two-way ANOVA with Tukey’s multiple comparisons test). In (A) and (B) 
Data are normalized as total cAMP per 108 bacteria. DMSO is the vehicle control. Data are shown 
as means	±	SEM. (C) Summary of mutations in the rv1625c gene that confer resistance to 
Rv1625c agonists. Mutations are grouped by their effect on the rv1625c sequence, with missense 
mutations (blue) and insertion or frameshift mutations (red) and mapped on the Rv1625c topology 
diagram to illustrate their approximate location relative to Rv1625c protein domains. Black circles 
represent amino acids that are essential for AC activity. 
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Figure 4.5. Growth inhibition by both V-59 and its analog mCLB073 is dependent on 
Rv1625c. (A and B) Inhibitory activity of mCLB073 (A) or V-59 (B) against spontaneous resistant 
mutants generated during culture with mCLB073. Data shown are representative, from one 
experiment with two technical replicates. Symbols are mean data points, and curves display 
nonlinear fit of dose-response. Data are from one experiment, with two technical replicates. Data 
are shown as means	±	SEM. 
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4.3.3 Rv1625c is directly linked to cholesterol degradation in Mtb 

Because V-59 impairs growth of Mtb in cholesterol media, we tested whether using V-59 to 

chemically activate Rv1625c inhibits the bacterium’s ability to break down cholesterol. When Mtb 

degrades the A-ring of [4-14C]-cholesterol, [1-14C]-pyruvate is released; subsequently, pyruvate 

dehydrogenase activity mediates the conversion of [1-14C]-pyruvate into acetyl-CoA and 14CO2 

(6). Therefore, to quantify cholesterol degradation in Mtb, we captured 14CO2 released following 

[4-14C]-cholesterol breakdown by the bacteria (36). We found that V-59 decreased 14CO2 release 

in WT by ~89% (Fig. 4.6a). By contrast, V-59 had no measurable effect on 14CO2 released from 

breakdown of the fatty acid [U-14C]-palmitate (Fig. 4.7a). This suggests that chemically activating 

Rv1625c preferentially inhibits cholesterol utilization in WT Mtb, rather than equally inhibiting 

all lipid utilization by the bacterium.   

Unexpectedly, we found that the ΔRv1625c mutant has an intrinsic defect in cholesterol 

degradation (Fig. 4.6a). In contrast to ΔRv1625c, the Rv1625c transposon mutant strain 

(Tn::rv1625c) had no defect in 14CO2 release from [4-14C]-cholesterol (Fig. 4.7b). The Tn::rv1625c 

strain has a transposon insertion within the coding sequence located after the last exit of Rv1625’s 

six-helical transmembrane domain (amino acid Y302) (Fig. 4.7c). This likely truncates the protein, 

eliminating more than half of the C-terminal cyclase domain, while leaving the N-terminal 

cytoplasmic tail and six-helical transmembrane domain intact. Thus, we complemented the 

ΔRv1625c strain with a construct that expresses only the N-terminal cytoplasmic tail and six-

helical transmembrane domain of Rv1625c (CompD204) (Fig. 4.7c). Cholesterol degradation was 

restored in the CompD204 strain (Fig. 4.6a), indicating that the transmembrane domain of Rv1625c 

is required for the complete degradation of cholesterol. Importantly, V-59 inhibited 14CO2 release 
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in the CompFull strain; however, V-59 did not prevent 14CO2 release in the CompD204 strain which 

lacks the Rv1625c cyclase domain (Fig. 4.6a).  

To further examine whether cholesterol degradation is blocked in ΔRv1625c Mtb, we used 

thin-layer chromatography (TLC) to track accumulation of [4-14C]-cholesterol-derived 

metabolites. Compared to WT Mtb, the culture supernatant of ΔRv1625c was deficient in at least 

one cholesterol-derived degradation intermediate, and the production of this intermediate was 

restored in the CompFull strain (Fig. 4.6b). Collectively, these results indicate that the cyclase 

domain of Rv1625c must be present for V-59 to inhibit cholesterol catabolism, and the 

transmembrane domain of Rv1625c is required for complete cholesterol breakdown, thereby 

establishing a direct link between the target of V-59 and the cholesterol pathway in Mtb. To our 

knowledge, this is the first time an individual AC has been linked to modulation of a downstream 

metabolic pathway in Mtb.  
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Figure 4.6. The transmembrane domain of Rv1625c is essential for complete degradation of 
cholesterol and the catalytic domain of Rv1625c is required for V-59 activity. (A) Catabolic 
release of 14CO2 from [4-14C]-cholesterol in WT, ΔRv1625c, CompFull, and CompD204 strains 
treated with V-59 (10 μM) or DMSO vehicle control. Data are from two experiments with three 
technical replicates, normalized to OD and quantified relative to WT treated with DMSO. Shown 
as means ±	SEM (****P < 0.0001, Two-way ANOVA with Tukey’s multiple comparisons test). 
(B) TLC comparing [4-14C]-cholesterol-derived metabolites extracted from supernatants of Mtb. 
Image is representative of two experiments. Equivalent counts were spotted per lane. “Chol.” = 
[4-14C]-cholesterol.  
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Figure 4.7. An intact cyclase domain of Rv1625c is required for V-59 to inhibit cholesterol 
degradation. (A) Catabolic release of 14CO2 from [U-14C]-palmitate in media containing fatty 
acid. EtOH (control), V-59, or Atc were added to the TetOn-cAMP Mtb cultures 24 hours prior to 
the  start of the experiment. Data are from one experiment with three technical replicates, 
normalized to OD and quantified relative to EtOH control. Data are shown as means ± SEM (B) 
Catabolic release of 14CO2 from [4-14C]-cholesterol in media containing cholesterol and acetate. 
V-59 (10 μM) was added to the cultures once at the beginning of the experiments and DMSO was 
used as a vehicle control. Data are from one experiment with three technical replicates, normalized 
to OD and quantified relative to WT treated with DMSO. Data are shown as means ± SEM (****P 
< 0.001, One-way ANOVA with Sidak’s multiple comparisons test). (C) Schematic illustrating 
the topology of the N-terminal transmembrane domain and essential residues of the C-terminal 
cyclase domain of Rv1625c (left). Schematics illustrating modified Rv1625c constructs used in 
these studies (center and right). 
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4.3.4 Inducing cAMP synthesis is sufficient to regulate cholesterol utilization 

Next, we investigated whether cAMP signaling can modulate cholesterol metabolism in an 

Rv1625c-independent manner by using a novel inducible construct (TetOn-cAMP) to increase 

cAMP synthesis in Mtb. This TetOn-cAMP construct carries an anhydrotetracycline (Atc) 

inducible promoter that controls expression of the catalytic domain of the mycobacterial AC 

Rv1264 (18) (Fig. 4.8). Atc induced cAMP synthesis in WT Mtb carrying the TetOn-cAMP 

construct in a dose-dependent manner, reaching levels comparable with V-59 treatment (Fig. 4.9a). 

This tool is an advancement over previous approaches (24, 39) for several reasons: it does not rely 

on diffusion of an external cAMP analog into the bacteria, it requires the bacteria to synthesize 

cAMP from ATP which more closely models the dynamics of AC signaling, and it increases cAMP 

by 24 hours post-induction in a dose-dependent fashion. Atc treatment inhibited growth of WT 

bacteria carrying the TetOn-cAMP construct in cholesterol media (Fig 4.9b) and also decreased 

[4-14C]-cholesterol degradation to 14CO2 (Fig. 4.9c). Similar to V-59 treatment, activating cAMP 

synthesis with Atc did not inhibit degradation of the fatty acid [U-14C]-palmitate to 14CO2 (Fig. 

4.7a).  

As a control, we modified the TetOn-cAMP construct by mutating a catalytic residue of 

Rv1264 (TetOn-Rv1264D265A) to render it catalytically inactive (18). Atc induced expression of 

the Rv1264D265A protein in WT Mtb carrying the TetOn-Rv1264D265A construct (Fig. 4.8b), but 

this strain did not produce increased cAMP in response to Atc (Fig. 4.10a). Inducing Rv1264D265A 

expression did not inhibit bacterial growth in cholesterol media (Fig. 4.10b) or cholesterol 

degradation (Fig. 4.10c, d). These results demonstrate that activating cAMP synthesis through a 

mechanism that is independent of Rv1625c is sufficient to regulate cholesterol utilization in Mtb 

in a dose-dependent manner. 
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Figure 4.8. Construction and validation of TetOn-cAMP constructs. (A) Schematic illustrating 
the domains of the native Rv1264 adenylyl cyclase (left) and the design of the TetOn-cAMP 
construct (right). The TetOn-cAMP construct contains the minimum-necessary cyclase domain of 
Rv1264, and lacks the pH-sensitive inhibitory domain of the native Rv1264 protein. Expression 
of the cyclase domain is under control of a TetOn promoter. Upon treatment with Atc, release of 
the tetracycline repressor (TetR) causes initiation of transcription of the Rv1264 catalytic domain. 
The C-terminal end of the cyclase domain is His-tagged to allow immunoblotting. (B) 
Immunoblots of bacterial lysates confirm that the TetOn constructs are expressed in the presence 
of Atc and not the vehicle control EtOH. The anti-His blot detects the Rv1264 cyclase domain and 
the anti-GroEL2 blot is the loading control.  
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Figure 4.9. Inducing cAMP synthesis independent of V-59 and Rv1625c is sufficient to block 
cholesterol utilization. (A) Total cAMP induced in TetOn-cAMP Mtb. Cultures were treated with 
V-59 (10 μΜ), Atc (500 ng/mL or 50 ng/mL), or EtOH and samples were collected after 24 hours. 
Data are normalized as total cAMP per 108 Mtb and are from two experiments with two technical 
replicates each (*P < 0.05, **P < 0.01, ****P < 0.0001, One-way ANOVA with Dunnet’s multiple 
comparisons test). (B) Impact of inducing TetOn-cAMP on the growth of Mtb in cholesterol 
media. Cultures were treated with V-59 (10 μM) or Atc for the duration of the experiment. Data 
are from two experiments with three technical replicates. (C) Catabolic release of 14CO2 from [4-
14C]-cholesterol in the TetOn-cAMP strain treated with V-59, Atc, or EtOH. Data are from two 
experiments with three technical replicates, normalized to OD and quantified relative to EtOH 
(**P < 0.01, ***P < 0.001, One-way ANOVA with Dunnet’s multiple comparisons test). EtOH is 
the vehicle control throughout. All data are means ±	SEM. 
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Figure 4.10. TetOn-Rv1264D265A is catalytically inactive and has no phenotype in cholesterol 
utilization assays. (A) Levels of cAMP in WT Mtb carrying the TetOn-Rv1264D265A construct 
cultured in cholesterol and acetate media and treated with EtOH, V-59 (10 μΜ), or Atc at the 
indicated concentrations. Samples were collected after 24 hours for ELISA. Data are displayed as 
total cAMP per 108 Mtb and are from two independent experiments with two technical replicates 
each, shown as means ±	SEM (***P < 0.001, One-way ANOVA with Dunnett’s multiple 
comparisons test). (B) Growth of TetOn-Rv1264D265A Mtb in 7H12+cholesterol media. EtOH, V-
59 (10 μM), or Atc were added at the indicated concentrations initially and every three days for 
the duration of the experiment. Data are from one experiment with three technical replicates, 
shown as means ±	SEM. (C) Catabolic release of 14CO2 from [4-14C]-cholesterol in media 
containing cholesterol and acetate. The TetOn-Rv1264D265A strain was treated with EtOH, V-59 
(10 μM), or Atc at the indicated concentrations overnight and again one hour prior to the beginning 
of the experiments. Data are from two independent experiments with three technical replicates 
each, normalized to OD and quantified relative to EtOH vehicle control. Shown as means ±	SEM 
(not significant, Student’s t test). (D) Relative signal from the prpD’::GFP reporter in TetOn-
Rv1264D265A. Cultures were treated with EtOH, V-59 (10 μΜ), or Atc at the indicated 
concentrations in media with cholesterol and acetate. Data are normalized to EtOH vehicle control 
(***P < 0.001, One-way ANOVA with Dunnett’s multiple comparisons test). GFP MFI was 
quantified from 10,000 mCherry+ Mtb. Data are from two independent experiments with two 
technical replicates each, shown as means	±	SEM.  
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4.3.5 Shared transcriptional changes in cholesterol genes are associated with cAMP 

induction 

Next, we characterized transcriptional responses of Mtb following V-59 treatment, or upon 

induction of the TetOn-cAMP construct, during growth in cholesterol media. The RNA-seq 

datasets revealed a shared pattern of differential gene expression that is consistent with an early 

blockade in the cholesterol degradation pathway. In Mtb, the side-chain and A-B rings of 

cholesterol are degraded by enzymes encoded in the Rv3574/KstR1 regulon (6). KstR1 is a TetR-

like transcriptional repressor that binds the second cholesterol degradation intermediate, 3-

hydroxy-cholest-5-ene-26-oyl-CoA, which de-represses the KstR1 regulon and permits 

cholesterol degradation to occur. Thus, increased expression of the KstR1 regulon is an indicator 

of cholesterol degradation in Mtb. Inducing cAMP synthesis, with V-59 or by activating TetOn-

cAMP, prevented transcriptional induction of the KstR1 regulon in WT Mtb (Fig. 4.11). This 

included key genes required for cholesterol transport (rv0655/mceG and rv3502/yrbE4B) and 

cholesterol catabolism (6). Cholesterol degradation releases propionyl-CoA, and Mtb primarily 

assimilates this intermediate into central metabolism via the methylcitrate cycle (MCC) (6). As 

propionyl-CoA pools increase, Mtb upregulates expression of the genes encoding MCC enzymes 

(rv0467/icl1, rv1130/prpD, rv1131/prpC) (40). V-59 treatment and induction of the TetOn-cAMP 

construct in WT Mtb each prevented upregulation of MCC genes (Fig. 4.11). Paralleling previous 

experiments, V-59 induced more pronounced changes in the transcriptional signature in the 

CompFull strain. Notably, genes required for cholesterol transport and genes (hsaEFG) necessary 

for conversion of the cholesterol-derived catabolic intermediate 2-hydroxy-hexa-2,4-dienoic acid 

to pyruvate and propionyl-CoA were upregulated in the CompFull strain following V-59 treatment 

(6). It is plausible that these expression profiles reflect a compensatory response to inhibition of 
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cholesterol degradation by V-59, and a concomitant decrease in availability of MCC or 

tricarboxylic acid cycle intermediates. Consistent with our previous observations (Fig. 4.6), 

expression of cholesterol side-chain and ring degradation genes, but not transport or MCC genes, 

was intrinsically blocked in the DRv1625c strain relative to WT (Fig. 4.11). These observations 

further support the conclusion that Rv1625c is involved in downstream cholesterol metabolism in 

Mtb. Importantly, V-59 treatment did not alter the transcriptional signature of the DRv1625c strain.  

To validate these findings, we used a reporter (prpD’::GFP) that expresses GFP under control 

of a MCC gene promoter (prpD), which indicates cellular levels of propionyl-CoA (36). V-59 

decreased GFP signal in WT by ~50%, but did not impact the ΔRv1625c or CompD204 strains in 

cholesterol media or during macrophage infection (Fig. 4.12a). V-59 also dampened GFP signal 

by ~90% in the CompFull strain (Fig. 4.12a). Similarly, inducing cAMP synthesis in WT Mtb 

carrying the TetOn-cAMP construct was sufficient to inhibit GFP signal during growth in 

cholesterol media and during macrophage infection (Fig. 4.12b). Inducing expression of the 

inactive Rv1264D265A protein (Fig. 4.8b) did not change the GFP signal (Fig. 4.10d). These data 

demonstrate that inducing cAMP synthesis in Mtb, via V-59 treatment or TetOn-cAMP activation, 

impairs cholesterol degradation and the release of key metabolic intermediates including 

propionyl-CoA in Mtb. Importantly, the effects of V-59 treatment require the catalytic domain of 

Rv1625c, and cAMP synthesis is a dominant signal in the mechanism by which V-59 inhibits Mtb 

growth.  
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Figure 4.11. V-59 treatment and induction of TetOn-cAMP are associated with shared 
transcriptional changes to cholesterol utilization genes. RNA-seq analysis quantifying 
differentially expressed genes from Mtb grown in cholesterol media, following V-59 treatment, or 
induction of TetOn-cAMP with Atc. Genes depicted are in the KstR regulons and involved in 
cholesterol utilization. MCC = methylcitrate cycle. Data are displayed as log2 fold change in gene 
expression in response to cAMP-inducing vs. control treatment (“cAMP” = Tet-On cAMP Atc vs. 
EtOH, “WT” = WT V-59 vs. DMSO, “∆” = DRv1625 V-59 vs. DMSO, “C” = CompFull  V-59 vs. 
DMSO). Also shown are differentially expressed genes intrinsic to ∆Rv1625 (“D/WT” = ∆Rv1625 
DMSO vs. WT DMSO). Data are from two technical replicate samples from one experiment 
(*adjusted p-value ≤ 0.05).  
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Figure 4.12. Activating cAMP synthesis decreases liberation of propionyl-CoA  from 
cholesterol. (A) Relative GFP signal from the prpD’::GFP reporter in response to V-59 (10 μM) 
or DMSO treatment in murine macrophages or cholesterol media. Data are normalized to WT 
treated with DMSO (****P < 0.0001, Two-way ANOVA with Tukey’s multiple comparisons 
test). (B) Relative GFP signal from the prpD’::GFP reporter in response to inducing TetOn-cAMP 
with Atc treatment in murine macrophages or cholesterol media. Data are normalized to EtOH 
vehicle control (***P < 0.001, One-way ANOVA with Dunnett’s multiple comparisons test). GFP 
MFI was quantified from 10,000 mCherry+ Mtb. Data are from two experiments with two technical 
replicates, shown as means	±	SEM. 
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4.3.6 Investigating potential mediators of cAMP-dependent cholesterol inhibition in Mtb  

Mt-Pat is not required to mediate inhibition of cholesterol utilization 

Inducing cAMP synthesis blocks cholesterol utilization in Mtb, but the mechanism mediating 

this is unknown. Because fatty acid metabolism can be modulated by the cAMP-binding protein 

Rv0998/Mt-Pat (27, 28) we investigated whether Mt-Pat also mediates V-59-dependent inhibition 

of cholesterol utilization. However, inhibition of growth (Fig. 4.13a) and inhibition of MCC gene 

induction (Fig. 4.13b) by V-59 treatment were not altered in an Mt-Pat mutant.  

Notably, across our experiments, the CompFull strain was uniquely susceptible to cAMP 

induction in cholesterol media that was supplemented with the short chain fatty acid acetate (Fig. 

4.2b). The TetOn-cAMP strain had a slightly greater defect in growth under this condition than 

bacteria treated with V-59, but this growth defect was much less severe than that exhibited by the 

CompFull strain (Fig. 4.13c). Additionally, V-59 blocked MCC gene induction in the CompFull strain 

when grown with odd-chain fatty acids (Fig. 4.13d). This suggests that additional metabolic 

defects, possibly in fatty acid utilization or central metabolism, are induced under these conditions. 

While these observations pertaining to fatty acid utilization correlate with a higher threshold of 

cAMP induction (Fig. 4.4a), we have not yet tested whether Mt-Pat mediates these additional 

effects. In the future, identifying the pathway by which inducing cAMP synthesis modulates 

cholesterol catabolism in Mtb may explain the differing effects of V-59 on carbon metabolism in 

these strains.  

Transcriptional changes in select CRPMT regulon genes are associated with cAMP induction 

To define a set of commonly regulated cAMP-dependent genes using an unbiased analysis, we 

compared all of the statistically significant differentially expressed genes associated with V-59 

treatment or TetOn-cAMP induction in WT Mtb. A shared set of 248 genes were identified (Fig. 
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4.14a). Because the selected growth condition was cholesterol media, 45 of these genes are 

associated with cholesterol utilization. As discussed above, those with biochemically confirmed 

roles in cholesterol utilization were noted (Fig. 4.11). Many of the remaining 203 genes  do not 

have well defined functions in Mtb, and we chose to focus on a small subset that were previously 

predicted to be regulated by the cAMP-binding transcription factor Rv3676/CRPMT.  

Aside from Mt-Pat, CRPMt is the best-studied cAMP-binding effector protein in Mtb. 

CRPMt is designated as a cAMP-responsive transcription factor, with a predicted regulon of ~100 

genes in Mtb (25, 26, 41). CRPMt may also be required to maintain Mtb fitness in macrophages 

and during chronic infection in mice (26). We found that activating cAMP via V-59 treatment or 

TetOn-cAMP induction was associated with transcriptional changes to a shared set of 8 CRPMt 

regulon genes during growth in cholesterol media (Fig. 4.14b). Among these, rv0450c/mmpL4  and  

rv0451c/mmpS4 are both downregulated following cAMP induction. Though mmpL4 was not a 

predicted member of the CRPMT regulon, it is reasonable that these genes would be co-regulated 

given that MmpL4 and MmpS4 are encoded in the same putative operon and can form a protein 

complex that contributes to siderophore production in Mtb (42). This result is also notable because 

genetic screens have predicted that mmpL4/mmpS4 are required for normal growth of Mtb in 

cholesterol media and in mouse models of TB (12, 43). We also noted that the predicted CRPMT 

regulon member rv0805 is upregulated during V-59 treatment. Rv0805 is the only known 

phosphodiesterase in Mtb, and these enzymes contribute to cAMP signaling pathway homeostasis 

by hydrolyzing cAMP to AMP (23). Given that rv0805 mutant Mtb also has a growth defect in 

cholesterol media (43), it is reasonable to speculate that rv0805 is upregulated during V-59 

treatment in the presence of cholesterol as a compensatory response to help decrease cAMP levels 
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and restore cholesterol utilization. Taken together, this is consistent with our other results 

indicating that a threshold of increased cAMP is inhibitory during cholesterol utilization in Mtb.  

Surprisingly, an additional set of 13 predicted CRPMt regulon genes displayed intrinsic 

differential expression in the DRv1625c strain relative to WT (Fig. 4.14 b) but were not universally 

differentially expressed in response to cAMP induction. This suggests that Rv1625c might play a 

native role in regulating some CRPMT operon genes during cholesterol utilization. Overall, these 

findings are significant because they demonstrate that a subset of predicted CRPMt genes are altered 

either in response to induction of cAMP synthesis, or through loss of Rv1625c, in the presence of 

cholesterol. While this study does not explain the native role of CRPMT during infection, V-59 and 

TetOn-cAMP can be used as tools in future studies to examine regulation of this operon under 

different growth conditions or during infection which may provide insight into its function in Mtb 

pathogenesis.  
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Figure 4.13. Activating cAMP synthesis inhibits lipid metabolism via an Mt-Pat independent 
mechanism, but can inhibit fatty acid utilization. (A) Activity of V-59 against WT or ΔMt-Pat 
in 7H12+cholesterol media. Symbols are mean data points, and curves display nonlinear fit of 
dose-response. (B) Relative GFP signal from the prpD’::GFP reporter in WT versus ΔMt-Pat 
strains carrying the TetOn-cAMP construct in media containing cholesterol and acetate. Cultures 
were treated in parallel with EtOH, V-59 (10 μΜ), or Atc. Each strain is normalized to EtOH 
vehicle control. Strain responses are not significantly different, Two-way ANOVA with Tukey’s 
multiple comparisons test. Data are from one experiment with two technical replicates, shown as 
means ± SEM. (C) Effect of inducing TetOn-cAMP on the growth of Mtb in 
7H12+cholesterol+acetate media. EtOH, V-59 (10 μM), or Atc were added at the indicated 
concentrations. Data are from one experiment with three technical replicates, shown as means ± 
SEM. (D) Relative GFP signal from the prpD’::GFP reporter in Mtb treated with V-59 or DMSO, 
in 7H12 media supplemented with C17:1 or propionate. Data are normalized to WT+DMSO. Data 
are from one experiment with two technical replicates, shown as means ± SEM (*P < 0.05, ****P 
< 0.0001, One-way ANOVA with Sidak’s multiple comparisons test). Throughout, GFP MFIs 
were quantified from 10,000 mCherry positive Mtb. 
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Figure 4.14. V-59 treatment and induction of TetOn-cAMP are associated with 
transcriptional changes in select CRPMt regulon genes. (A) Venn diagram showing the 
number of significantly differentially expressed genes shared by WT Mtb treated with V-59 
relative to DMSO and the TetOn-cAMP strain treated with Atc relative to EtOH, and how many 
of these belong to the KstR cholesterol-related regulon. (B) RNA-seq analysis quantifying 
differentially expressed genes from Mtb grown in cholesterol media, following V-59 treatment, 
or induction of TetOn-cAMP with Atc. Genes depicted are predicted members of the CRPMT 
regulon. Only genes with significant differential expression in both the V-59 and TetOn-cAMP 
conditions, or genes with intrinsic changes in the  ∆Rv1625 strain (in italics), are shown. 
“cAMP” = Tet-On cAMP Atc vs. EtOH, “WT” = WT V-59 vs. DMSO, “∆” = DRv1625 V-59 vs. 
DMSO, “C” = CompFull  V-59 vs. DMSO, “D/WT” = ∆Rv1625 DMSO vs. WT DMSO. 
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4.3.7 mCLB073 is an optimized analog of the V-59 compound series  

Next, we sought to identify chemical features that are essential to a potent Rv1625c agonist, 

and to develop an optimized compound for use during future in vivo studies. The screening hit (V-

59) was relatively potent against Mtb in macrophages and had several satisfactory pharmacological 

features including plasma exposure above the EC50 (as determined in cholesterol media) for 

approximately 24 hours following oral dosing in mice at 20 mg/kg (Table 4.1). We sought to 

improve the properties of the V-59 compound series with medicinal chemistry. Structure activity 

relationship studies determined that replacing the tetrazole ring in V-59 with an oxadiazole ring 

(mCIS635) improved potency and slightly improved solubility. Replacing the 4-methyl-1,2,5-

oxadiazole ring in V-59 with a 1-methyl-1H-1,2,4-triazole ring addressed the liability of the 

oxadiazole ring and generated the lead compounds mCLE299, mCLF177, mCLF178, and 

mCLB073 that had improved properties including better potency and extended plasma exposure 

following oral administration in mice. We explored constraining the piperidine ring in order to 

increase compound solubility by lowering its lattice energy, through an azabicyclic ring and a 

chiral center in several molecules of this series (Table 4.1 and Table 4.2). Interestingly, the cis 

isomer (mCLF024) displayed potency similar to the advanced lead compounds in this series, while 

the trans isomer (mCLF025) was inactive (Table 4.2).  

Among the optimized analogs, the lead compound (1-(4-(3-(3,4-dichlorophenyl)-1,2,4-

oxadiazol-5-yl)-1-piperidinyl)-2-(2-methyl-2H-1,2,4-triazol-3-yl)-1-ethanone), named 

mCLB073, exhibited a ~17-fold potency improvement against Mtb in cholesterol media relative 

to V-59 while maintaining excellent pharmacokinetic properties and a good safety profile. We then 

verified that mCLB073 retained on-target activity. The ΔRv1625c strain was refractory to 

mCLB073 treatment (Fig. 4.15a), and mCLB073 activates cAMP synthesis (Fig. 4.4b and Fig. 
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4.15b). Additionally, we isolated spontaneous resistant mutants in Mtb cultured with mCLB073. 

All spontaneous resistant mutants we isolated contained mutations in rv1625c that conferred 

resistance to mCLB073 and cross-resistance to V-59 (Fig. 4.4c and Fig. 4.5a). These results 

indicate that mCLB073 is a genuine Rv1625c agonist. When dosed orally in mice, mCLB073 

maintained plasma exposure over the EC50 identified in cholesterol media for at least 24 hours 

(Table 4.1). This demonstrated that mCLB073 is suitable for once-daily oral dosing in mouse 

models of infection and justified using this compound as a chemical probe during future in vivo 

studies. 
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Table 4.2. Structures and activities of isomer compounds. MW, molecular weight; --, not 
determined; EC50, half-maximal effective concentration; IC50, half-maximal inhibitory 
concentration; ADME, absorption, distribution, metabolism, excretion; PPB, plasma protein 
binding; ER, extraction ratio; PO, per os. 
 

 

 

 

MW

Macrophages EC50 (µM)

Cholesterol EC50 (nM)

PBB mouse (% bound)

Caseum binding (% unbound)

ER mouse/human

Solubility (µM, pH 6.8) 

mCLF025

422.29

>30,000

--

--

mCLF024

433.29

97

49

97.8

<0.01

<0.3/<0.3

94.0

In vitro potency assays

ADME

>30,000

Toxicity

hERG IC50 (µM) 11.8 --

--

--
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Figure 4.15. The V-59 analog mCLB073 is an Rv1625c agonist. (A) Inhibitory activity of 
mCLB073 against WT or ΔRv1625c in 7H12+cholesterol media. Data shown are representative, 
from one experiment with two technical replicates. Symbols are mean data points, and curves 
display nonlinear fit of dose-response. (B) Impact of mCLB073 on cAMP production in WT Mtb. 
ELISA was used to quantify cAMP from lysed cells 24 hours after addition of mCLB073, or 
vehicle control (DMSO). Data is from one experiment, with two technical replicates. Data are 
shown as means	±	SEM. 
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4.4 Discussion    

 Mtb possesses an expanded repertoire of cAMP signaling pathway components compared 

to other bacteria, suggesting this is an important mechanism to coordinate physiological functions 

in response to environmental cues. However, how Mtb physiology can be regulated through cAMP 

signaling, particularly through activation of specific AC enzymes, is not well understood. It was 

also not previously established whether this signaling pathway could be manipulated 

pharmacologically to disrupt Mtb pathogenesis. This gap in knowledge is partly explained by the 

lack of chemical and genetic tools that are equivalent to the eukaryotic AC agonist forskolin in the 

Mtb system. In this study we identified a chemical AC agonist that is suitable for in vitro and in 

vivo studies. And in a complementary approach, we created and validated a TetOn-cAMP construct 

that permits dose-dependent induction of cAMP synthesis in Mtb. These tools allowed us to 

establish a link between induction of cAMP synthesis, downregulation of cholesterol utilization, 

and inhibition of Mtb growth during macrophage infection. 

Here, we re-examined a collection of compounds that were identified in a high-throughput 

screen as inhibitors of Mtb growth in macrophages and cholesterol media. Based on a previous 

study (29) we knew that this collection contained at least three Rv1625c-dependent compounds, 

and sought to identify an additional Rv1625c agonist with improved potency and acceptable 

properties for use in future in vivo studies. From the screening hits, we identified a candidate small 

molecule named V-59 that displayed promising pharmacological properties (Table 4.1). We then 

determined that growth inhibition by V-59 in cholesterol media and in macrophages requires a 

functional Rv1625c enzyme (Fig. 4.2 and Fig. 4.4c), and V-59 induces cAMP synthesis in an 

Rv1625c-dependent manner (Fig. 4.4 a, b). By quantifying degradation of the A-ring of 

cholesterol, we found that V-59 indeed blocks cholesterol utilization, in a mechanism that requires 
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the cyclase domain of Rv1625c (Fig. 4.6). Our combined results support the conclusion that V-59 

directly binds to the Rv1625c enzyme to activate AC activity, which artificially increases cAMP 

synthesis in Mtb to inhibit cholesterol utilization which impairs bacterial growth in cholesterol 

media and macrophages. 

To study the impact of cAMP induction independent of V-59 and Rv1625c, we developed a 

TetOn-cAMP construct that increases cAMP synthesis in a dose-dependent manner (Fig. 4.8 and 

Fig. 4.9a). We found that inducing cAMP synthesis is sufficient to decrease growth of Mtb in 

cholesterol media (Fig. 4.9b) and to block cholesterol degradation (Fig. 4.9c). Transcriptional 

studies revealed hallmarks indicating that cholesterol degradation is inhibited early in the 

breakdown process following V-59 treatment, or induction of cAMP synthesis via the TetOn-

cAMP construct (Fig. 4.11 and Fig. 4.12). Together, this demonstrates that inducing cAMP above 

a certain threshold through a different AC is sufficient to mimic the effects of an Rv1625c agonist, 

which suggests that AC activation is a general mechanism that can be leveraged to inhibit 

cholesterol utilization in Mtb. Collectively, our findings indicate that inducing cAMP synthesis in 

Mtb inhibits cholesterol degradation, blocks transcriptional activation of hallmark cholesterol 

utilization genes, and decreases propionyl-CoA pools in proportion to the amount of cAMP 

induced. Cholesterol breakdown is a many-stage process, and side chain and ring degradation can 

occur in tandem (6). Considering this, one interpretation consistent across these results is that 

robust activation of cAMP synthesis prevents cholesterol side chain and ring degradation 

simultaneously, and this decreases the breakdown of cholesterol to an early intermediate that is 

required to de-repress the KstR1 regulon.  

While investigating the effect of V-59 on Rv1625c activity and cholesterol utilization, we 

unexpectedly discovered that the six-helical transmembrane domain of Rv1625c and the associated 
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N-terminal cytoplasmic tail is intrinsically required for complete cholesterol degradation in Mtb 

(Fig. 4.6). Given that Rv1625c had no previously predicted role in cholesterol utilization, this is a 

surprising connection between the AC that V-59 activates, and the metabolic pathway it inhibits. 

The native function of Rv1625c signaling during infection is not established, and Rv1625c is the 

first AC that has been linked to a specific downstream metabolic pathway in Mtb (23). Our finding 

that the Rv1625c transmembrane domain is required for cholesterol ring catabolism expands on 

work by others showing that the catalytic domain is not the only functionally relevant component 

of this AC (32, 33, 44), but the mechanism that mediates its involvement in cholesterol catabolism 

remains to be determined. It is not known if the transmembrane domain of Rv1625c mediates 

protein-protein interactions that are required to complete cholesterol catabolism and whether this, 

or an alternative mechanism, is involved in maximizing regulation of cholesterol utilization by 

Rv1625c agonists.  

It is notable that the cholesterol utilization defect intrinsic to the ΔRv1625 strain was likely 

limited to ring catabolism (Fig. 4.6a), and was not sufficient to impact bacterial growth in 

cholesterol media or macrophages (Fig. 4.2a, c), or to inhibit transcriptional activation of 

methylcitrate cycle genes by liberation of propionyl-CoA (Fig. 4.11 and Fig. 4.12a). Because 

degradation of the cholesterol side chain and rings can proceed in tandem, it is conceivable that a 

blockage in ring catabolism could be present in ΔRv1625 Mtb, while growth on cholesterol via 

liberation of propionyl-CoA and acetyl-CoA from the side chain are maintained. This may supply 

enough two- and three-carbon intermediates to maintain growth. Two genes neighboring Rv1625c 

(rv1626/pdtaR and rv1627c) have been predicted to be required during cholesterol utilization (43). 

It will be helpful to determine whether Rv1625c interacts with these proteins, or others capable of 

regulating lipid metabolism in Mtb. Moreover, it would be interesting to examine whether the 
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binding of V-59 to Rv1625c not only activates cAMP synthesis but also alters an interaction 

between Rv1625c and a relevant protein. This would help explain the distinct but overlapping 

cholesterol utilization defects we observed in WT Mtb treated with V-59, the ΔRv1625 strain, and 

TetOn-cAMP Mtb treated with different doses of Atc. The amount of cAMP produced by the 

TetOn-cAMP strain was most similar to V-59 treatment at the lower dose of Atc (50 ng/mL) tested 

(Fig. 4.9a). This dose also correlated with less severe defects in growth in cholesterol media, 14CO2 

release from [4-14C]-cholesterol, and propionyl-CoA liberation from cholesterol than the defects 

observed with V-59 treatment (Fig. 4.9 and Fig. 4.12b). Based on this and our observations in the 

ΔRv1625 strain, it is interesting to speculate that V-59 interacts with the Rv1625c protein, altering 

both a relevant protein interaction and increasing cAMP synthesis, both of which contribute to V-

59’s total effect on cholesterol utilization. However, the mechanism and kinetics of inducing 

cAMP synthesis with the TetOn-cAMP system are distinct from V-59 treatment, limiting our 

ability to conclude that a particular dose of Atc mimics V-59 treatment. Future experiments to 

identify cholesterol degradation intermediates that accumulate in WT Mtb treated with V-59 could 

help clarify this by allowing comparison of step(s) of the cholesterol degradation pathway that are 

blocked by V-59 treatment versus Tet-On cAMP induction or loss of the Rv1625c protein alone.  

These findings expand our limited understanding of how cAMP signaling can alter metabolism 

in Mtb, and it remains to be determined whether a downstream cAMP-binding protein is required 

for V-59 or TetOn-cAMP induction to inhibit cholesterol utilization in Mtb. We investigated 

Rv0998/Mt-Pat because it is a cAMP-binding lysine acetyltransferase that was previously shown 

to acetylate and inactive the acetyl-CoA/propionyl-CoA ligase (Rv3667/Acs) and various FadD 

enzymes in Mtb, which can regulate incorporation of 2- and 3-carbon precursors into central 

metabolism (27, 28). Mt-Pat was not required for V-59 to inhibit Mtb growth (Fig. 4.13a) or 
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induction of MCC genes (Fig. 4.13b) in cholesterol media. This is consistent with data showing 

that acetate rescues growth during both V-59 treatment and TetOn-cAMP activation (Fig. 4.2b, 

Fig. 4.13c), suggesting the acetyl-CoA/propionyl-CoA ligase has not been inactivated by Mt-Pat 

in either condition. The FadD enzyme Rv3515c/FadD19 initiates cholesterol side chain 

degradation (6) but FadD19 is not a confirmed target of inactivation by Mt-Pat, and other FadD 

enzymes that are known to be acetylated by Mt-Pat are not established steps in cholesterol 

breakdown (28). Thus, it is reasonable to conclude that Mt-Pat is not a mediator of cAMP-

dependent cholesterol inhibition under the conditions we tested.   

Although Mt-Pat likely does not mediate inhibition of cholesterol utilization downstream of 

V-59 treatment or TetOn-cAMP induction, it is unclear whether any of the other eleven predicted 

cAMP-binding proteins in Mtb are involved in this mechanism (23). We examined the predicted 

operon of one other cAMP-binding protein, the transcription factor CRPMT, and found that a 

handful of these genes were differentially expressed in a cAMP-dependent and/or Rv1625c-

dependent manner during growth in cholesterol media (Fig. 4.14). Notably, three of these genes 

are required for optimal growth of Mtb in cholesterol media and/or in mouse models of TB, but 

are not directly involved in cholesterol side chain or ring breakdown. Most of the remaining genes 

do not have established functions, making it difficult to predict how changes in their expression 

could impact specific aspects of Mtb physiology. Further experiments are needed to determine 

whether these transcriptional changes are indeed mediated through CRPMt activity, and whether 

this contributes significantly to the cholesterol utilization defects observed in Mtb during V-59 

treatment or in the ΔRv1625c strain. Alternatively, because cholesterol uptake by the bacterium 

and initiation of cholesterol side chain breakdown by FadD19 are both ATP-dependent processes, 
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it is possible that ATP depletion occurring during increased cAMP synthesis mediates inhibition 

of cholesterol utilization.  

Compared to the previously-published Rv1625c agonist V-58 (37), V-59 represents a 

significant advance because it is the first Rv1625c agonist that is suitable for use in an in vivo 

model of TB. V-59 also provided a basis for understanding how to improve Rv1625c agonists 

through medicinal chemistry. We completed a medicinal chemistry effort focused on addressing 

the structural liabilities of V-59 and improving the potency of its activity against Mtb. This 

identified mCLB073, a stable molecule with improved potency and desirable chemical, 

pharmacological, pharmacokinetics and safety properties, which makes it a good drug candidate 

for clinical testing and a useful compound for further in vivo studies of this pathway in Mtb. While 

investigating the potency of compounds in this series with constrained piperidine rings, we also 

identified molecules whose potency differed widely based on the chirality of their azabicyclic 

rings. In the future, it would be interesting to identify the underlying explanation for the differential 

potency of these compounds on Rv1625c activity through structural biology.   

Numerous studies have suggested that cholesterol utilization is a key metabolic adaptation that 

supports Mtb survival during chronic infection (7-11), but the efficacy of single-step inhibitors of 

cholesterol degradation may be limited, unless they are able to cause accumulation of toxic 

metabolites in the bacterium (6, 8-10, 45). Inhibitors that block this pathway early and/or shut 

down multiple steps present one desirable alternative. This study revealed that the Rv1625c 

agonists V-59/mCLB073 are an improvement over the single-step cholesterol degradation 

inhibitors we reported previously; these compounds inhibit cholesterol catabolism early and/or at 

both side chain and ring degradation steps and display excellent pharmacokinetic properties. In the 
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future, V-59/mCLB073 will facilitate single-agent and combination regimen studies to determine 

how these compounds affect bacterial fitness in mouse models of TB. 

In summary, we have shown here that activating cAMP synthesis in Mtb, either by activating 

Rv1625c AC activity with a small molecule agonist or by inducing expression of the minimal 

catalytic subunit of Rv1264, blocks cholesterol degradation. Rv1625c is also the first AC in Mtb 

to be linked directly to a particular downstream pathway. Mtb has a cadre of structurally-diverse 

ACs and predicted cAMP-binding proteins with mostly uncharacterized functions, which may 

represent potential to alter pathways beyond cholesterol utilization in this bacterium. However, it 

is unknown whether agonists for ACs other than Rv1625c would have comparable downstream 

effects in Mtb. In other pathogenic bacteria, cAMP signaling is known not only for coordinating 

changes to carbon metabolism, but also for mediating diverse functions including biofilm 

formation, virulence gene expression, and secretion systems (14). In Mtb, AC activation is able to 

stall at least one metabolic pathway that supports in vivo survival, with the potential to yield a new 

antibiotic mechanism of action. It is interesting to speculate whether additional AC agonists could 

be developed as tools to study cAMP signaling during infection, or as antibiotics, in other bacteria. 

The mechanism(s) by which inducing cAMP synthesis modulates cholesterol utilization in Mtb is 

not yet fully explained, and will be an important area for future studies as our knowledge of the 

role cAMP signaling plays in Mtb physiology continues to expand.  
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CHAPTER FIVE 

Chemically activating cAMP synthesis in M. tuberculosis during infection decreases 

bacterial fitness and alters host inflammatory signatures 
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5.1 Introduction 

 We previously identified a series of compounds that act as agonists of the Mycobacterium 

tuberculosis (Mtb) adenylyl cyclase Rv1625c. These compounds increase synthesis of the second-

messenger cAMP in Mtb, which inhibits cholesterol utilization by the bacterium and impairs 

growth of Mtb during macrophage infection. Early iterations of Rv1625c agonist compounds were 

unsuitable for use during in vivo studies in mice due to poor pharmacokinetic properties and sub-

optimal potency. However, in our previous work, we identified an Rv1625c agonist named V-59 

with promising pharmacokinetic properties, and a medicinal chemistry effort based on serial 

structure-activity relationship optimization produced an improved Rv1625c agonist named 

mCLB073 (Chapter 4). These compounds are suitable for once-daily dosing by oral gavage in 

mice, as they maintain plasma exposure over the EC50 for at least 24 hours. Thus, V-59 and 

mCLB073 provided a novel opportunity to study how activating cAMP synthesis in Mtb impacts 

bacterial fitness and host pathology during infection in vivo and in vitro.  

Because cholesterol utilization has repeatedly been identified as an important contributor to 

Mtb growth or persistence during chronic infection, a compound that effectively targets cholesterol 

utilization by the bacterium is predicted to impair Mtb survival during infection (1). As described 

above, V-59 and mCLB073 represent improved cholesterol inhibitors in Mtb compared to 

conventional, single-step inhibitors of the cholesterol breakdown pathway (Chapter 4). Thus, we 

first sought to evaluate how these Rv1625c agonists impact Mtb survival during infection. We 

addressed this by performing single-agent studies with V-59 and mCLB073 in two tractable mouse 

models of chronic infection.  

Two main mechanisms are used by Mtb to maintain cAMP homeostasis. First, Mtb expresses 

a single known phosphodiesterase (Rv0805) that is capable of degrading cAMP to AMP within 
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the cytoplasm (2). Introducing an additional copy of  rv0805 under its native promoter in WT Mtb 

leads to increased expression of the Rv0805 protein associated with a ~30% decrease in cAMP 

levels in Mtb (3). Second, Mtb is unique in that it secretes a significant amount of the cAMP it 

synthesizes into its extracellular environment (4). Our previous work with Rv1625c agonists is 

consistent with this, as we found an ~85-fold increase in cAMP/108 CFUs secreted into the 

surrounding media during the first 24 hours of treatment of with V-59 in WT Mtb, relative to the 

vehicle control (Chapter 4). This number was further increased to ~110-fold in a complement strain 

(CompFull) that overexpresses rv1625c relative to WT. Typically pathogenic bacteria secrete 

adenylyl cyclase toxins capable of cAMP synthesis or modulation of host cell AC signaling, rather 

than directly secreting cAMP that was synthesized within the bacterial cell (5). Thus, the 

mechanism by which cAMP is secreted from of Mtb is not established, and a homologous system 

in other bacteria has not been proposed. However, it is reasonable to predict secretion of cAMP 

from Mtb may involve efflux through one of the bacterium’s ATP-binding cassette transporters, 

which would be analogous to proposed mechanisms of cAMP extrusion from some eukaryotic 

cells (6, 7).  

Mtb is primarily an intracellular pathogen, and resides in an arrested early endosome-like 

compartment within macrophages, or occasionally within the cytosol, for much of its life cycle 

(8). Studies examining activation of the cytosolic stimulator of interferon genes (STING) signaling 

pathway have suggested that Mtb-derived DNA and/or cyclic-di-AMP can reach the host cell 

cytosol during infection, where they regulate type I IFN expression (9). Transmission of small 

molecules like cAMP from the Mtb phagosome to the cytosol may be mediated through one of 

Mtb’s type VII secretion systems, but this remains controversial. As such, we anticipate that the 

excess cAMP secreted from Mtb during V-59/mCLB073 treatment might access the host cell 
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endosomal network and/or cytosol and affect cAMP-dependent effector proteins. In eukaryotic 

cells, cAMP activates mediators like protein kinase A (PKA) or the guanine nucleotide exchange 

factor proteins directly activated by cAMP (Epac). When activated, PKA and Epac proteins are 

able to modulate macrophage functions including the production of inflammatory mediators, 

microbicidal activities, and phagocytosis (10-12). Recent work examining the localization of 

cAMP signaling in eukaryotic cells has introduced a new model in which sustained cAMP 

production can occur at endosomal membranes after ligand-GPCR complexes are internalized 

along with their G⍺s and AC partners (13, 14). This does not invalidate the traditional model, in 

which plasma membrane localized GPCR/AC signaling is important for shorter bursts of cAMP 

induction. However, it suggests that if cAMP levels surrounding endosomal compartments are 

increased during Mtb infection, this might plausibly position cAMP near its PKA target (14).  

PKA-mediated effects on cytokine production can include decreased Leukotriene B4, TNFα, 

CCL3, and/or IL-12, and increased G-CSF and/or IL-10 (10, 15, 16). These effects are at least 

partly mediated by crosstalk of PKA with the transcription factor NFκB (11). Decreased FcγR-, 

complement receptor-, and scavenger receptor-mediated phagocytosis and dampened bactericidal 

activity of alvelolar macrophages against Klebsiella pneumoniae have been linked to Epac-1 

mediated effects, or shared PKA/Epac signaling (10). Similarly, cAMP produced inside myeloid 

phagocytes by the CyaA AC toxin of Bordetella pertussis has been associated with inhibition of 

the superoxide burst and phagocytosis, dampened maturation of dendritic cells, and decreased 

production of CCL3, IL-12, and TNFα and/or increased production of IL-6 and IL-10 (17-19). 

However, cAMP-dependent changes to macrophage function are cell type- and context-specific, 

and compartmentalization of cAMP pools has a significant role in influencing the outcome of 

cAMP signaling in eukaryotic cells (10, 11, 16). Here we have begun to investigate the possibility 
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that the excess cAMP secreted from Mtb during V-59/mCLB073 treatment signals within the host 

macrophage to modulate its inflammatory response. We generated preliminary data that suggests 

chemically activating cAMP synthesis by Mtb through V-59/mCLB073 can modulate the 

inflammatory response of infected macrophages in vitro and change the balance of inflammatory 

mediators in the lungs of infected mice.   
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5.2 Materials and Methods 

Compound formulations for in vivo experiments 

V-59 and isoniazid (Sigma Aldrich) were solubilized in 10% DMSO, 70% PEG 300, and 20% 

D5W (Dextrose 5% in ddH2O) with heating and sonication for intranasal BALB/c and C3HeB/FeJ 

experiments. For mCLB073 studies, compounds were solubilized at the indicated concentrations 

in 0.5% methyl cellulose, 0.5% Tween-80 (intranasal infection experiment) or 10% 2-

hydroxypropyl-β-cyclodextrin + 10% lecithin (aerosol infection experiment) to obtain a fine 

suspension. Doses of 0.1mL were delivered by oral gavage.  

 

Mouse infections  

Animal work was approved by Cornell University IACUC (protocol number 2013-0030). All 

protocols conform to the USDA Animal Welfare Act, institutional policies on the care and humane 

treatment of animals, and other applicable laws and regulations. Isoflurane was delivered via 

nebulizer for anesthesia during oral delivery of compounds. Euthanasia was performed via delivery 

of carbon dioxide. Six to eight-week-old BALB/cJ mice (Jackson Laboratories) were infected with 

1,000 CFU of Erdman Mtb intranasally where indicated. C3HeB/FeJ (Kramnik) mice (Jackson 

Laboratories) were infected with 500 CFU of Erdman Mtb intranasally. At weeks 4 through 8 post-

infection, compounds or vehicle controls were administered once-daily by oral gavage. For aerosol 

infections, BALB/cJ mice (Jackson Laboratories) were infected via an aerosol inhalation exposure 

system (Glass-Col) with a calibrated dose of 200 CFU of Erdman Mtb. Experimental compounds 

or vehicle control were administered once-daily at weeks 4 through 8 post-infection by oral 

gavage. After treatment, lung tissues were collected and processed for histology and CFU 

enumeration. For CFUs, lungs were homogenized in PBS, 0.05% Tween-80 and plated on 7H10 
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OADC. Inflammatory area was scored by measuring the percent of tissue inflamed (granulomatous 

tissue with peripheral and peribronchial lymphocytes and plasma cells) per low power microscopic 

field. In a blinded fashion, 4-15 fields were analyzed per lung sample.  

 

cAMP production by cultured human cells 

cAMP production was evaluated in HepG2 cells (ATCC HB-8065, human liver), HEK293 cells 

(ATCC CRL-3216, human kidney) and human monocyte derived macrophages (HMDM). HepG2 

and HEK293 cells were cultured in DMEM supplemented with 10% FBS and maintained in a 

humidified incubator (37°C in 5% CO2). HMDM cells derived from human peripheral blood 

mononuclear cells (PBMCs) that were obtained from Elutriation Core Facility, University of 

Nebraska Medical Center. HMDM cells were cultured in DMEM supplemented with 10% human 

serum, L‐glutamine (2 mmol), sodium pyruvate (1 mmol), penicillin (100 U/mL), and 

streptomycin (100 μg/mL) (Corning) and maintained in a humidified incubator (37°C in 5% CO2). 

Cells were cultured at a density of 1e6 per T-25 flask and were treated with V-59 (10 µM) for 24 

hours before harvesting the cells with trypsin treatment (HepG2 and HEK293) or scraping into 

cold PBS (HMDM). Cells were harvested by centrifugation and cAMP levels were quantified from 

the cell pellet following, resuspension in lysis buffer (0.1M HCl, 1% Triton X-100 in ddH2O). The 

cell-free lysates were used to measure internal cAMP by ELISA (Enzo Life Sciences). 

 

Cell viability assays 

BMDMs were isolated from female BALB/c mice, and seeded at 1x105 cells per well in a 96-well 

plate. Macrophages were infected with WT CDC1551 Mtb at an MOI of 1 and treated with vehicle 

control, cycloheximide, V-59, or mCLB073 for at a range of doses. The CellTiter-Glo luminescent 
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assay (Promega) was used to quantify cell viability via ATP levels after 24 hours of compound 

exposure. For flow cytometric quantification of cell viability, BMDMs were infected with WT, 

ΔRv1625c, or CompFull CDC1551 Mtb at an MOI of 2 and treated with DMSO control or V-59 

(25μM). Cells were infected for one week and media including compounds was replenished daily. 

Cells were collected and stained with eFluor 506 fixable viability dye 

(eBioscience/ThermoFisher), fixed in 4% PFA, and the relative number of dead cells was 

quantified by flow cytometry.  

 

Measurement of cAMP in infected BMDMs 

BMDMs were isolated from female BALB/c mice, and seeded at 5X106 cells/flask in T25 flasks. 

Macrophages were infected with WT, ΔRv1625c, or CompFull CDC1551 Mtb at an MOI of 7. 

Infected cells were treated with DMSO or mCLB073 (25 μM) for 24 hours. Media was removed 

and cells were isolated in PBS and centrifuged at 1,000 rpm. Cells were lysed in 0.1 M HCl, 1% 

Triton X-100 in screw top tubes via vigorous vortexing. Debris was centrifuged at 15,000 rpm, 

and the supernatant was analyzed in a cAMP ELISA (Enzo) to determine the amount of cAMP 

per flask of infected cells.  

 

Host Cell RNA-seq 

Cells were isolated, infected, and treated with compounds for 24 hours as described above. Cells 

were lysed in Trizol-LS, Mtb and cell debris was removed by centrifugation, and samples were 

stored at -80 °C prior to RNA extraction. Total RNA was isolated by chloroform extraction and 

precipitated in isopropanol with GlycoBlue reagent (Thermo Fisher), RNA was resuspended in 
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nuclease-free water, and genomic DNA contamination was removed using the Turbo-DNA free 

kit (Invitrogen) as described in (20). RNA enrichment was performed by Poly(A) selection,  

Sample quality was determined via Fragment Analyzer (Advanced Analytical) and TruSeq-

barcoded RNAseq libraries were generated with the NEBNext Ultra II Directional RNA Library 

Prep Kit (New England Biolabs). Sequencing was performed at the Cornell University 

Transcriptional Regulation and Expression Facility on a NextSeq500 instrument (Illumina) at a 

depth of 20 M single-end 75 bp reads. Reads were trimmed for low quality and adaptor sequences 

with TrimGalore, and aligned to the Mus musculus reference genome with STAR. DESeq2 was 

used with default parameters and alpha = 0.05 to generate the differential gene expression results. 

Multiple test correction was performed using the Benjamini Hochberg method.  

 

Cytokine analyses in lung homogenates 

Six to eight-week-old BALB/cJ mice (Jackson Laboratories) were infected with 2,000 CFUs of 

WT Erdman Mtb. The infection proceeded for two weeks, and then mice were treated with a 

vehicle control (0.5% methylcellulose, 0.5% Tween 80), mCLB073 (10 mg/kg), or INH (1 mg/kg, 

5 mg/kg, or 10 mg/kg) once-daily by oral gavage for an additional seven days. Lungs were 

collected and homogenized, plated for CFUs, and the remainder was filtered through a 0.1 μM 

syringe filter for ELISAs. Cytokines were quantified by ELISA as follows: TNFα at dilution factor 

1.3 (TNF alpha Mouse Uncoated ELISA Kit, Invitrogen), CXCL1 at dilution factor 3 (Mouse 

CXCL1/KC DuoSet ELISA, R&D Systems), IL-1β at dilution factor 8 (Mouse IL-1 beta/IL-1F2 

DuoSet ELISA, R&D Systems). 	
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5.3 Results 

5.3.1 Activation of cAMP synthesis by Rv1625c agonists inhibits Mtb pathogenesis in vivo 

First we examined whether treatment with Rv1625c agonists would alter Mtb survival in a 

mouse model of infection that is relatively resistant to Mtb. We infected BALB/c mice with WT 

Mtb, and administered a vehicle control, V-59, or isoniazid by oral gavage once-daily during 

weeks 4 through 8 post-infection. V-59 (50 mg/kg) caused a ~0.4-log10 reduction in lung CFU’s 

and reduced the extent of lung inflammation by ~50% (Fig. 5.1a, b). Similar results were obtained 

in CFU counts (~0.5-log10 reduction) in the lungs of C3HeB/FeJ mice infected and treated in the 

same manner (Fig. 5.1c, d). The C3HeB/FeJ Mtb infection model was used because these mice 

produce type I IFN- and neutrophil-driven pathology that results in well-organized necrotic 

granulomas containing high numbers of extracellular bacterial (21-24). Thus, the finding that an 

Rv1625c agonist inhibits bacterial growth and limits lung pathology in both a relatively resistant 

and a susceptible model of TB suggests that this compound series could be effective against Mtb 

persistence despite the heterogeneous host response mounted in Mtb infections (25). To verify the 

improved potency of mCLB073 that was observed in vitro against Mtb in vivo, we infected 

BALB/c mice with WT Mtb via the intranasal route, and administered a vehicle control, mCLB073 

at escalating doses, or isoniazid by oral gavage once-daily during weeks 4 through 8 post-infection. 

Treatment with a lower dose of mCLB073 (30mg/kg) reduced Mtb CFUs in the lungs of mice 

significantly (~0.4-log10 reduction), similar to the effect 50mg/kg V-59 had (Fig. 5.1e, Fig. 5.1a). 

Treatment with mCLB073 also decreased the extent of lung pathology by ~45% and significantly 

reduced the pathology score even at a dose of 10mg/kg (Fig. 5.1f). In a separate study of BALB/c 

mice that were aerosol infected and treated in the same manner, we observed a similar reduction 
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in lung CFUs (~0.4-log10 reduction) even at a lower dose of mCLB073 (5mg/kg) which further 

confirms the improved pharmacological properties of mCLB073 (Fig. 5.1g). 

Because the mechanism of action of mCLB073 is novel, we tested whether mCLB073 

treatment would lead to an undesired increased tolerance to a frontline TB drug (rifampicin) during 

infection. We found that the addition of mCLB073 (30 mg/kg) to a sub-optimal dose of rifampicin 

did not increase the bacterial burden in the lungs of BALB/c mice, suggesting this mechanism of 

action does not promote tolerance to other TB antibiotics (Fig. 5.2a). Finally, we addressed the 

potential concern that this chemotype would activate off-target, mammalian AC enzymes. We 

found no evidence that V-59 increases cAMP synthesis in mammalian cells uninfected with Mtb 

(Fig. 5.2b), and the low toxicity profile of the Rv1625c-activating compounds (Chapter 4) suggests 

limited off-target activation of mammalian ACs. Treatment with V-59 or mCLB073 during in vitro 

culture of Mtb infected macrophages also did not decrease relative levels of ATP in host cells at 

24 hours of compound treatment (Fig. 5.2c). V-59 was not associated with increased cell death 

during one week of treatment in infected BMDMs, and was instead associated with an increased 

proportion of live cells at the one week endpoint (Fig. 5.2d). These results demonstrate the 

increased potency of mCLB073 relative to V-59 in vivo, and suggest that chemically activating 

cAMP synthesis in Mtb during chronic infection confers a fitness cost to the bacterium while 

decreasing pulmonary pathology.  
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Figure 5.1. Chemically activating Rv1625c reduces Mtb pathogenesis in vivo. Effect of V-59 
treatment on bacterial burden and pathology in the lungs of BALB/c (A and B) or C3HeB/FeJ 
mice (C and D). In (A-D) mice were infected and treated with V-59, INH, or vehicle control. Data 
are from two independent experiments with 5 mice (A and B), or one experiment with 10 mice (C 
and D) per group. Outliers with CFUs below the infectious dose were excluded from the analyses 
(*P < 0.05, Mann-Whitney test). All data are shown as means	±	SEM. (E and F) Impact of 
mCLB073 treatment on bacterial burden (E) and pathology (F) in BALB/c mice infected and 
treated with the indicated doses of mCLB073, INH, or vehicle control (*P < 0.05, **P < 0.01, 
Kruskal-Wallis test and Dunn’s multiple comparisons test). Infections in (A-F) were by the 
intranasal route. Data are from one experiment with 10 mice per group. (G) Impact of mCLB073 
treatment on bacterial burden in BALB/c mice infected by aerosol and treated with 5mg/kg 
mCLB073 or vehicle control. Data are from one experiment with 5 mice per group (*P < 0.05, 
Kruskal-Wallis test and Dunn’s multiple comparisons test). All data are shown as means	±	SEM.  
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Figure 5.2 Treatment with Rv1625c agonist compounds does not promote tolerance to 
rifampicin and does not increase cAMP synthesis or cell death in mammalian cells. (A) Effect 
of mCLB073 treatment combined with a sub-optimal dose of rifampicin (RIF) in infected BALB/c 
mice. Data are from one experiment with 10 mice per group (**P < 0.01, Mann-Whitney test). (B) 
Quantification of cAMP in uninfected human cell lines treated with V-59 (10 µM) or DMSO 
control. Data are from one experiment with two technical replicates, and are shown as means 
±	SEM. V-59 did not significantly increase cAMP (not significant, One-way ANOVA with 
Sidak’s multiple comparisons test).(C) Relative ATP levels in macrophages during treatment with 
Rv1625c agonists. ATP in Mtb-infected BMDMs was quantified by the CellTiter-Glo ATP assay 
after 24 hours of compound treatment. Cycloheximide is the positive control. Data is 
representative, from one experiment with three technical replicates. (D) Relative proportion of live 
cells in population of BMDMs infected in vitro after one week of compound treatment. Live cells 
were quantified using viability dye staining and flow cytometry quantification of 500-1,500 cells. 
Data is from one experiment with three replicates of each sample.  
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5.3.2 Overexpressing rv1625c generates a fitness defect in Mtb during infection and 

minimally enhances mCLB073 treatment 

The most tractable mechanism by which Mtb could develop resistance to V-59/mCLB073 

is by carrying mutations in the rv1625c gene at residues that inactivate its ability to synthesize 

cAMP, which would preclude the downstream activity of the compounds on the cholesterol 

utilization pathway. However, if inactivation of Rv1625c enzyme activity also confers an intrinsic 

fitness cost to the bacterium, this could reduce the likelihood of Mtb carrying these resistance 

mutations. We previously observed that an Rv1625c deletion strain (ΔRv1625c) had an intrinsic 

limited, ring-associated defect in cholesterol utilization but no growth defect during macrophage 

infection. Therefore we wanted to determine whether the loss of Rv1625c confers a fitness cost to 

Mtb during infection in vivo. We infected BALB/c mice by the aerosol route with WT, ΔRv1625c, 

and a complement strain that overexpresses rv1625c (CompFull) Mtb and quantified the bacterial 

load in the lungs and spleens at 2, 4, and 8 weeks post-infection. Although loss of Rv1625c did 

not confer a fitness cost to Mtb during infection, surprisingly the CompFull strain exhibited a non-

significant trend toward lower CFUs in the lungs (~0.75-log10 reduction) and a significant decrease 

in bacterial burden in the spleens (~1-log10 reduction) of mice selectively during the chronic stage 

of infection (Fig. 5.3a,b). This was unexpected because we did not observe any intrinsic defect in 

growth of the CompFull strain during macrophage infection in vitro (Chapter 4). Because this strain 

has no defect in growth in liquid media and the observed growth defect is limited to the chronic 

stage of infection in mice, this result suggests that the activation of cAMP synthesis by Rv1625c 

may be linked to a signal or stress that is specific to growth or persistence in the in vivo 

environment. Compared to WT bacteria, activation of Rv1625c by this unknown signal in the 

CompFull strain that overexpresses rv1625c may generate a growth defect by causing excess cAMP 
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synthesis in the bacteria and disrupting cholesterol utilization, similar to our observations with the 

Rv1625c agonist compounds (Fig. 5.1).  

When we examined the effect of V-59 treatment on Mtb growth during macrophage 

infection in vitro, we found that the CompFull strain also exhibited enhanced susceptibility during 

V-59 compound treatment (Chapter 4). Our data also suggests that the CompFull strain may have 

additional metabolic defects, potentially in fatty acid utilization or central metabolism, during 

treatment with V-59, likely associated with the enhanced levels of cAMP the bacteria produces in 

response to compound treatment relative to WT (Chapter 4). To test whether our findings in 

macrophages translate to infection in vivo, we tested whether the efficacy of mCLB073 was 

enhanced in the CompFull strain relative to WT in mice. We infected BALB/c mice by the aerosol 

route with WT, ΔRv1625c, or CompFull Mtb and quantified the bacterial load in the lungs and 

spleens after treatment with a vehicle control or mCLB073 (30 mg/kg) during weeks 4-8 post-

infection (Fig. 5.4). This is the first in vivo experiment in which we did not observe a difference in 

the average bacterial load in mice infected with WT Mtb and treated with 30 mg/kg mCLB073 

(Fig. 5.4a). However, the magnitude of the effect of this compound on bacterial burden in this 

mouse strain has consistently been small (~0.5 log10 reduction) (Fig. 5.1). Combined with the 

heterogeneity in CFUs that is an intrinsic challenge during infection of animals with Mtb, it is not 

entirely surprising that no mean difference would be observed occasionally within a single 

experiment including only 5 mice per group. However, the CompFull strain did have an intrinsic 

growth defect in the lungs of these mice (~0.6 log10 reduction) consistent with our earlier 

observations, and treatment with mCLB073 was associated with a further ~0.5 log10 reduction in 

bacterial burden. In the spleens, mCLB073 treatment significantly reduced the bacterial burden of 

WT Mtb by ~0.7 log10 CFUs (Fig. 5.4b). Treatment with mCLB073 did not alter the bacterial 
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burden in mice infected with ΔRv1625c Mtb, and the CompFull strain had an intrinsic defect in 

bacterial burden that was not decreased further by mCLB073 treatment (Fig. 5.4b). Altogether, 

these preliminary results suggest that artificially enhancing cAMP synthesis in Mtb, either through 

overexpression of rv1625c and/or through treatment with Rv1625c agonists, confers a fitness 

defect during chronic infection in BALB/c mice and that Rv1625c may have a native activating 

signal during the chronic stage of infection. Activating cAMP synthesis seems to affect bacterial 

dissemination or persistence in the spleens of mice to a greater degree than in the lungs. However, 

these results are from preliminary studies, and should be replicated to compensate for the intrinsic 

variability in aerosol infection with Mtb before firm conclusions are drawn on these points.  
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Figure 5.3 Overexpressing rv1625c in Mtb is sufficient to generate a growth defect during 
infection in mice. Bacterial burden in the lungs (A) and spleens (B) of BALB/c mice infected with 
~200 CFUs of WT, ΔRv1625c, or CompFull Mtb by the aerosol route. Data are from one experiment 
with 5 mice per group and are shown as means	± SD (**P < 0.01, Kruskal-Wallis test and Dunn’s 
multiple comparisons test).  
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Fig. 5.4 Overexpressing rv1625c marginally enhances the efficacy of mCLB073 in vivo. 
Bacterial burden in the lungs (A) and spleens (B) of BALB/c mice infected with ~200 CFUs of 
WT, ΔRv1625c, or CompFull Mtb by the aerosol route. Mice were treated with vehicle control or 
mCLB073 (30 mg/kg) by oral gavage, once-daily during weeks 4-8 post-infection. Data are from 
one experiment with 5 mice per group and are shown as means	± SD (*P < 0.05, Two-way 
ANOVA with Tukey’s multiple comparisons test).  
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5.3.3 Rv1625c agonists increase cAMP in infected macrophages in an Rv1625c-dependent 

manner.  

 Next, we followed up on previously published results that indicated treatment with another 

Rv1625c agonist compound (V-58) alters cytokine production in infected macrophages in vitro 

(26). Before performing transcriptional profiling on infected macrophages during compound 

treatment, we first verified that treatment with Rv1625c agonists (mCLB073) enhances cAMP 

levels in infected macrophages, in an Rv1625c-dependent manner. Murine BMDMs infected with 

WT Mtb had a ~10-fold increase in cAMP after 24 hours relative to the vehicle control, which was 

absent in macrophages infected with ΔRv1625c Mtb (Fig. 5.5). Importantly, macrophages infected 

with CompFull Mtb had further enhanced levels of cAMP compared to WT during V-59 treatment, 

which is consistent with our previous results showing the enhanced effects of V-59/mCLB073 in 

this strain. The method we used to lyse these macrophages is unlikely to lyse Mtb as well, because 

efficient lysis of Mtb requires a bead beating step even in the presence of detergents. Therefore, it 

is reasonable to predict that the cAMP quantified here is derived from the host cell and cAMP 

secreted into the host environment from Mtb, rather than the cAMP within Mtb cells at the time 

of cell lysis. However, we have not directly ruled out partial lysis of Mtb contributing to the total 

cAMP levels in this assay.  
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Figure 5.5 Treatment with mCLB073 increases cAMP levels in infected macrophages. 
Quantification of cAMP in whole murine BMDMs infected with the indicated strains of Mtb at an 
MOI of 7. Cells were lysed and cAMP levels were quantified by ELISA. Magnitude of cAMP 
indicates total cAMP per flask of infected cells. Data shown are representative of two experiments 
with two or three technical replicates per group and are shown as means	± SEM. Data courtesy of 
C. Montague.  
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5.3.4 Activating cAMP synthesis in Mtb changes the transcriptional profile of infected 

macrophages in vitro.   

 Because cAMP signaling can have various cell type-dependent effects in mammalian cells, 

we next characterized the transcriptional signature of host macrophages during treatment with V-

59 by RNA-seq. Murine BMDMs derived from BALB/c mice were infected with WT Mtb and 

then treated with a vehicle control or V-59 for 24 hours. Given the extremely slow doubling time 

of Mtb (approximately 18-54 hours in liquid culture) we expect no significant change in CFUs 

between the treatment groups at this short timepoint, which might otherwise generate trivial 

differences in inflammatory signatures (27). Overall, 150 genes were significantly differentially 

expressed in macrophages treated with V-59 relative to DMSO during Mtb infection. We 

categorized these genes based on STRING network analysis, and identified two groups that were 

the most relevant to our interests in inflammation and lipid utilization. Sterol biosynthesis and 

LDL receptor genes (e.g. Ldlr, Hmgcr, Sqle, Insig1, Msmo1) were relatively downregulated. This 

could reflect a decreased need to replenish cholesterol pools in the host cell, driven by decreased 

cholesterol utilization by the bacterium during V-59 treatment (28). In inflammatory pathway 

genes, we sought to focus on genes that were differentially expressed in response to V-59 treatment 

in macrophages and are also known to play important roles in host susceptibility or protection 

during Mtb infection in vivo. Notably, genes related to IL-1 signaling (Il1a, Il1b, Nlrp3) and 

neutrophil recruitment (Cxcl1, Cxcl2, Ccl3) were downregulated during V-59 treatment. Because 

both of these pathways play complex roles in influencing host protection versus susceptibility 

during Mtb infection, we chose to focus on these going forward (Chapter 1).  

Our previous work demonstrated that another Rv1625c agonist (V-58) decreased TNFα 

secretion by the murine J774 macrophage cell line during infection with Mtb (26). However, J774 
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cells and primary BMDMs are known to respond differently to Mtb infection, and the expression 

of the Tnfa gene was not significantly downregulated in this RNA-seq data set (29). However, 

when we performed GSEA on all of the genes from this data set, we found that the TNFα Signaling 

Via NFκB Hallmark gene set was enriched in the control relative to V-59 treatment, resulting in a 

negative enrichment score. This indicates that a subset of the genes in this pathway are 

downregulated during V-59 treatment, and is consistent with a small but significant decrease in 

paracrine TNFα signaling (Fig. 5.6b). TNFα ELISAs confirmed a trend toward lower TNFα 

secretion in each biological replicate during V-59 treatment, but with variability in the magnitude 

(Fig. 5.6c). Like IL-1 and neutrophil recruitment pathways, TNFα is known to play a complex role 

in balancing host susceptibility versus protection during Mtb infection (Chapter 1), so we chose to 

follow up on the potential for V-59/mCLB073 to alter TNFα signaling also.   
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Figure 5.6 V-59 dampens the transcriptional expression of inflammatory genes in Mtb 
infected macrophages. (A) RNA-seq analysis quantifying differentially expressed genes from 
murine BMDMs infected with WT Mtb at an MOI of 7, and treated with DMSO as a vehicle 
control or V-59 (25μM) for 24 hours. Data are displayed as log2 fold change in gene expression in 
response to V-59 vs. control treatment. Data are from n=3 mice. Genes shown are a subset of the 
significantly differentially expressed genes selected based on function by STRING network 
analysis (adjusted p-value ≤ 0.05). (B) GSEA enrichment plot of DMSO and V-59 treated cells. 
Shown is the Hallmark TNFα Signaling via NFκB gene set. (C) TNFα quantification by ELISA in 
the supernatants of each set of macrophages used for RNA-seq (M1, M2, and M3 are macrophages 
from 3 mice, treated with DMSO or V-59).  
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5.3.4 Rv1625c agonists alter pulmonary cytokine levels in vivo.  

 To verify whether the changes in gene expression observed in our RNA-seq study 

translated to changes in protein production, we began to follow up on these findings using ELISAs. 

However, in our hands the level of cytokine produced by primary BMDMs isolated from different 

mice during Mtb infection can vary substantially, and we have found it difficult to verify these 

phenotypes using in vitro BMDM infection experiments for this reason (Fig. 5.6c and data not 

shown). As an alternative, we infected BALB/c mice for two weeks by the intranasal route, and 

then treated them with a vehicle control, various concentrations of the frontline TB antibiotic 

isoniazid (INH), or mCLB073 (10mg/kg) for one week. We isolated whole lung homogenates from 

these mice and quantified the bacterial burden and cytokine levels in these samples. Because 

production of cytokines can be affected in proportion to changes in Mtb CFUs, we included a 

series of INH concentrations in this study to determine whether mCLB073 changes cytokine 

production in the lungs in a manner that is separable from its effect on bacterial burden. Plotting 

the level of cytokines in the lung homogenates relative to CFUs for each of these treatment 

conditions revealed that mCLB073 is associated with a decrease in TNFα that is proportional to 

that observed with INH treatment (Fig. 5.7a). However, CXCL1 and IL-1β are disproportionately 

decreased by mCLB073 treatment compared to INH treatment (Fig. 5.7b,c). This indicates that, at 

least in an acute model of murine infection, the increased cAMP synthesis induced by mCLB073 

in Mtb may lead to changes in host cell CXCL1 and IL-1β production, which could indicate a 

secondary effect of Rv1625c agonist compounds in infected hosts and change lung pathology.   
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Figure 5.7 Treatment with mCLB073 is associated with decreased CXCL1 and IL-1β in lung 
homogenates that is separable from changes in bacterial burden. Mice were infected with WT 
Mtb by the intranasal route and dosed with vehicle control, mCLB073, or INH at the indicated 
doses once-daily by oral gavage during week 3 post infection. Whole lung homogenates were 
generated and bacterial burden and cytokine levels were quantified. (A) TNFα concentration 
versus bacterial burden. (B) CXCL1 concentration versus bacterial burden. (C) IL-1β versus 
bacterial burden. Simple linear regression was used including all of the data points to plot the line 
of best fit (dotted lines indicate 95% confidence interval), which identifies mCLB073 treated 
samples as outliers in CXCL1 and IL-1β production. Data are from one experiment with 4 or 5 
mice per group. Each dot represents one mouse.  
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5.4 Discussion 

This work utilized AC agonists for in vivo studies of cAMP signaling in Mtb, which revealed 

that chemically activating cAMP synthesis may be an untapped mechanism for manipulating 

bacterial fitness during infection, redefining the traditional mechanism for an anti-virulence 

compound. Chemical tools like V-59/mCLB073 that can be used to modulate distinct pathways in 

Mtb in infection models are valuable because it is difficult to predict the in vivo metabolic state 

and vulnerabilities Mtb experiences during infection (30-34). We developed V-59/mCLB073 as 

the first compounds that can effectively modulate cAMP synthesis and block cholesterol utilization 

in Mtb, while being suitable for in vivo studies.  

Single-agent studies using V-59/mCLB073 established that cAMP induction modestly impairs 

bacterial growth and lung pathology in mouse models of TB (Fig. 5.1). A recent study also found 

that the “MKR superspreader” strain of Mtb, an emergent multidrug-resistant strain of the modern 

Beijing lineage, displayed enhanced upregulation of cholesterol utilization genes during 

macrophage infection relative to the H37Rv reference strain (35). V-59 was used to show that 

activating Rv1625c to inhibit cholesterol utilization in the MKR strain selectively reduced 

intracellular survival of the bacteria in infected macrophages (35). This suggests that efficacy of 

Rv1625c agonists in vivo may be potentiated by cholesterol-related metabolic adaptations that are 

especially crucial to the intracellular survival of at least one multi-drug resistant strain of Mtb. 

Identifying this link between cAMP signaling, cholesterol utilization, and Mtb fitness during 

infection is important because it is challenging to target metabolic pathways in Mtb that are not 

redundant and are sufficiently distinct from human pathways to limit side-effects (30, 36, 37). 

Much is not yet known about the restrictions Mtb encounters in vivo where the bacterium co-

catabolizes multiple complex substrates, and future infection studies that combine V-59/mCLB073 
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treatment with chemical modulators of other pathways in Mtb may provide interesting insights on 

this topic.  

Consistent with our in vitro studies of these compounds in Mtb (Chapter 4), we found that 

overexpressing rv1625c in Mtb (CompFull Mtb) during murine infection was sufficient to induce a 

fitness defect during the chronic stage infection in both the lungs and spleens of these animals (Fig. 

5.3 and Fig. 5.4). Rv1625c is a membrane protein, and overexpression of membrane proteins can 

cause growth defects in bacteria. However, given that the growth defect we observed here is 

specific to particular stage of infection and was not noted in liquid media or during macrophage 

infection in vitro, we predict that this reflects a genuine induction of cAMP synthesis by Rv1625c 

during infection, which could be activated in response to an as-yet unidentified environmental 

signal. In this case, Rv1625c would be activated in both the WT and CompFull strains by this 

environmental signal, but the increased level of Rv1625c in the CompFull bacteria could be 

associated with higher levels of cAMP in the cells. As we established previously, above a certain 

threshold, increased levels of cAMP synthesis are sufficient to disrupt cholesterol utilization in 

Mtb (Chapter 4). Cholesterol utilization defects in Mtb have often been associated with decreased 

growth during the chronic, but not the acute, stage of infection in animal models of TB (38-41). 

Therefore, the defect observed in vivo in the CompFull strain seems consistent with a defect in 

cholesterol utilization, and/or an associated decrease in ATP levels in the bacterium. Lipophilic 

molecules or CO2 have been speculated as potential ligands of Rv1625c, and other signals such as 

pH, fatty acids, and secreted proteins have been identified as ligands that can activate other Mtb 

adenylyl cyclase enzymes (42-45). Given the variety of potential ligands, it is difficult to speculate 

which, if any of these, could be the native agonist of Rv1625c during infection. 
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In preliminary experiments, we also identified that Rv1625c agonist treatment is associated 

with increased cAMP levels in host cells, in an Rv1625c dependent mechanism. Because cAMP 

is a universal second messenger, Mtb is a persistent intracellular pathogen, and cAMP is known to 

modulate host cell inflammatory signaling in macrophages, we chose to investigate whether 

treatment with these compounds during Mtb infection has a secondary effect on the host cell 

inflammatory phenotype. RNA-seq analysis on macrophages infected with Mtb and treated with 

an Rv1625c agonist in vitro revealed that treatment with these compounds is associated with 

downregulation of a group of cytokine genes as well as several cholesterol homeostasis genes (Fig. 

5.6). We were particularly interested in genes involved in neutrophil recruitment, IL-1 signaling, 

and TNFα signaling because these are known to be important to the balance of host protection and 

susceptibility during the chronic stage of infection (Chapter 1). In a translational setting, V-

59/mCLB073 compounds would be used during the chronic stage of infection, when mature 

granulomas with heterogeneous features are already established. Investigating whether these 

compounds have the capacity to skew the balance of these inflammatory mediators in a host-

beneficial direction is important because this represents either an advantageous secondary effect 

of these compounds, an insignificant innocuous effect, or a potential safety concern. During these 

preliminary studies, we tested this using an acute model of infection in BALB/c mice to expedite 

secondary screening of our RNA-seq hits. Results from this model suggest that mCLB073 

disproportionately decreases CXCL1 and IL-1β but not TNFα in the lungs of infected mice, 

compared to the frontline TB drug INH (Fig. 5.7). Overall, Rv1625c agonist treatment is associated 

with decreased bacterial burden and/or lower lung pathology scores, even in chronic models of 

infection (Fig. 5.1 and Fig. 5.7). This suggests that the overall effects of these compounds are 

beneficial. Given the strong association of excess neutrophil recruitment and bacterial lipid 
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utilization with host susceptibility during active TB, the potential of these compounds to reduce 

excessive neutrophil recruitment while inhibiting Mtb nutrient utilization is especially interesting 

for future studies (Chapter 1). Past studies investigated the utility of modulating cAMP signaling 

during Mtb infection by an alternative mechanism, chemically inhibiting host phosphodiesterase 

activity. They found that enhancing cAMP via this pathway was associated with decreased TNFα 

gene expression in the lungs, reduced tolerance-associated responses of Mtb to INH, and improved 

bacterial clearance during INH treatment (46). This is consistent with evidence that elevated host 

immune stresses enhance drug tolerance in Mtb (47). This suggests that, though counterintuitive, 

ameliorating certain pathways of the host immune response after Mtb infection is established can 

be beneficial when paired with antibiotic treatment.  

Further work will be needed to verify whether CXCL1 and IL-1β are also uniquely reduced by 

mCLB073 during chronic infection. Additional studies quantifying other cytokines, measuring 

neutrophil accumulation in the lungs, differentiating pro-IL-1 from active IL-1, and distinguishing 

effects of mCLB073 treatment in different subsets of infected versus bystander phagocytes are 

also planned (Chapter 6). Taken together, Rv1625c agonist compounds represent a novel 

mechanism of action, which may be capable of inhibiting both a key pathway of Mtb nutrient 

utilization and altering the inflammatory balance in the granuloma during TB.  
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CHAPTER SIX 

Final discussion and future directions 

 

6.1 Overview  

 In this work, we have described how both the hydrolysis of ATP to power lipid uptake and 

the cyclization of ATP to form cAMP contribute to regulation of cholesterol utilization in Mtb. As 

presented above (Chapter 3), the ATPase activity of MceG is required for both cholesterol and 

fatty acid metabolism in Mtb, likely by powering the translocation of these lipids into the bacterial 

cell through their respective Mce complexes (Fig. 6.1).  

Based on preliminary findings from a high-throughput chemical screen, we investigated 

the link between activating cAMP synthesis in Mtb and inhibiting cholesterol utilization by the 

bacterium (Chapter 4). Specifically, we found that the small molecule V-59 and the optimized 

analog mCLB073 increase cAMP synthesis in Mtb in an Rv1625c-dependent manner and this is 

associated with inhibition of cholesterol utilization. We studied how the two apparent components 

of this mechanism of action interact with the cholesterol utilization pathway in Mtb (Fig. 6.1). We 

developed a genetic method (TetOn-cAMP) for inducing cAMP synthesis in Mtb independent of 

V-59/mCLB073 and Rv1625c, which allowed us to establish that increasing cAMP synthesis is 

sufficient to inhibit cholesterol utilization. Our results from both the TetOn-cAMP and a strain that 

overexpresses rv1625c are broadly consistent with the conclusion that inducing cAMP synthesis 

inhibits cholesterol utilization in a dose-dependent manner in Mtb. We also identified that 

Rv1625c itself has an intrinsic role in cholesterol utilization that appears to be limited to ring 

degradation and related to its six-helical transmembrane domain.  
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One key advance presented in this study compared to our previous work is the 

identification of Rv1625c agonists that are suitable for use during infection in mice. This allowed 

us to examine whether activating cAMP synthesis during infection impairs Mtb pathogenesis or 

reduces lung pathology (Chapter 5). We presented evidence that chemically activating cAMP 

synthesis modestly decreases CFUs in murine models of chronic infection while reducing lung 

pathology, and preliminary data indicates that compound treatment has a more pronounced effect 

on Mtb CFUs in the spleens which are a site of bacterial dissemination during infection. Notably, 

we observed a similar enhanced phenotype in the spleens compared to the lungs of mice infected 

with ΔMceG bacteria (Chapter 3). We also presented preliminary evidence that chemically 

enhancing the amount of cAMP secreted from Mtb can alter the balance of cytokines produced by 

infected macrophages in vitro, and these changes were predictive of an altered balance in 

inflammatory mediators in whole lung samples from infected mice (Fig. 6.1).  

Some of the major outstanding questions related to this work and potential ways to address 

these in the future are discussed below.  
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Figure 6.1 Overview of findings presented in this work. Summary of the relationship identified 
between ATP, cAMP, and cholesterol utilization in Mtb. Proposed relationship between excess 
cAMP secreted from Mtb and host cell cytokines identified in preliminary data.  
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6.2 Addressing the missing links between Rv1625c, cAMP synthesis, and lipid utilization in 

M. tuberculosis 

 Two major questions remain regarding the mechanisms that connect Rv1625c, cAMP 

synthesis, and lipid utilization in Mtb. First, in the future it will be important to address the 

mechanism through which Rv1625c itself, particularly its transmembrane domain, is connected to 

cholesterol utilization in Mtb. Second, the mechanism by which cAMP synthesis inhibits 

cholesterol degradation should be studied further, particularly in comparison to cAMP-dependent 

regulation of fatty acid utilization in Mtb.  

 The physiological roles of the six-helical transmembrane domains found in Rv1625c and 

other class III ACs remain elusive, but they have been speculated to possess additional functions 

beyond their role in membrane anchoring (1). Multiple studies using chimeric protein constructs 

have begun to provide evidence that the six-helical transmembrane anchors of these ACs may be 

able to bind environmental ligands directly and transduce this signal to the cytoplasmic cyclase 

domains to regulate cAMP synthesis (1). Construction of chimeric proteins has been used to 

circumvent the problem that there are currently no established ligands for the six-helical 

transmembrane domain of any AC enzyme. When only the six-helical transmembrane domain of 

Rv1625c is replaced with similar six-helical transmembrane domains from quorum-sensing 

receptors (either CqsS from Vibrio harveyi or LqsS from Legionella pneumophila), treatment with 

their autoinducer ligands (Cholera autoinducer-1 or Legionella autoinducer-1, respectively) 

induces cAMP synthesis by the Rv1625c cyclase domain (2, 3). This transduction response is 

ligand-specific, and requires a conserved “cyclase-transducing element” which corresponds to the 

cytoplasmic helical domain that was found to promote homodimerization of the Rv1625c homolog 

from Mycobacterium intracellulare (Chapter 2) (2, 4). While this evidence does not establish that 
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the transmembrane domain of Rv1625c itself can receive a particular signal, it suggests that these 

domains are modular and the idea that they can play functional roles in signal transduction merits 

further investigation. The autoinducer ligands that bind to the six-helical transmembrane domains 

of quorum-sensing receptors in bacteria are small, highly lipophilic molecules that resemble fatty 

acids, which makes it interesting to speculate that a lipid species could be a potential ligand for 

Rv1625c (3). However, at least six clusters of six-helical transmembrane domains exist across 

eukaryotic and bacterial proteomes; the anchors from bacterial class IIIa ACs cluster separately 

from the quorum sensors and share more pairwise matches with eukaryotic transmembrane 

domains (3). Eukaryotic membrane-anchored ACs are regulated by interactions with Gα proteins 

via their cyclase domain. The closest parallel to this identified in Mtb thus far is the direct 

interaction of a soluble AC (Rv2212) with the protein Rv3810/Erp, which was found to increase 

cAMP synthesis by Rv2212 (5). This opens up the possibility that protein-protein interactions can 

regulate AC activity in Mtb. However, without more information, it is difficult to speculate what 

the native signal of the Rv1625c transmembrane domain could be and how this is integrated into 

the cholesterol utilization pathway in Mtb.  

 Several approaches are readily available to us to begin establishing how Rv1625c and its 

transmembrane domain are integrated into Mtb physiology. We have hypothesized that the 

ΔRv1625c strain has a defect in cholesterol ring metabolism while maintaining cholesterol uptake 

and side chain metabolism because this strain grows normally in media where cholesterol is the 

primary carbon source, suggesting portions of cholesterol catabolism remain functional. 

Identifying the missing cholesterol metabolite(s) we first observed by radio-TLC (Fig. 4.6) may 

allow us to identify which step(s) in the cholesterol breakdown pathway are defective in the 

absence of Rv1625c and restored by re-introducing the transmembrane domain versus the full-
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length Rv1625c protein. We and others have analyzed cholesterol metabolite accumulation in the 

past to identify regulatory targets in this complex pathway (6, 7). If we identify a candidate step in 

cholesterol breakdown that is Rv1625c-dependent, this would assist in designing follow up 

experiments to identify the mechanism through which the two are linked.  

Additionally, it is reasonable to predict that Rv1625c may participate in a multi-protein 

signaling complex or that protein-protein interactions may regulate Rv1625c activity. Identifying 

protein partners of Rv1625c may give us insight into its function. We are particularly interested in 

whether Rv1625c is associated with any other cholesterol- or lipid metabolism-coordinating 

proteins. In collaboration with the lab of Dr. Volodymyr Korkhov we have recently confirmed one 

protein interaction partner of Rv1625c. A pull-down using full-length Rv1625c against an M. 

smegmatis lysate identified two strong candidates for Rv1625c protein partners: Rv1421 and 

Rv0513 (Korkhov Lab, unpublished data). Using the yeast two-hybrid-like mycobacterial protein 

fragment complementation assay (M-PFC) (8, 9), we confirmed that Rv1625c and Rv1421 interact 

when co-expressed in M. smegmatis (Fig. 6.2). Surprisingly, this interaction is lost when V-59 is 

present, which may indicate that V-59 displaces Rv1421 from its binding interface with Rv1625c. 

 Rv1421 belongs to the RapZ-like family of nucleotide binding proteins, which includes 

RapZ in E. coli and YvcJ in Bacillus subtilis (10, 11). Rv1421 is more similar to YvcJ than RapZ 

based on protein sequence alignment (63% similar to YvcJ versus 56% similar to RapZ), and both 

Rv1421 and YvcJ are missing a consensus sequence that is present in RapZ and confers RNA 

binding to this protein (12). In both E. coli and B. subtilis, these proteins are integrated into a 

complex feedback loop that optimizes peptidoglycan precursor synthesis in proportion to the 

amount of glycolytic precursors available to the bacterium (10, 12). In B. subtilis, two proteins 

YvcJ and YvcK/GlmR work together to regulate the enzyme glucosamine-6-phosphate synthase 
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(GlmS). GlmS is the entry point that diverts sugars from glycolytic carbon metabolism into the 

peptidoglycan synthesis pathway, generating a key feedback product uridine diphosphate N-

acetylglucosamine (UDP-GlcNAc). Stimulation of GlmS activity is not necessary for normal 

peptidoglycan synthesis when bacteria are grown on glycolytic carbon sources, where ample 

precursors for this pathway and high UDP-GlcNAc levels are available. In this case, an interaction 

between UDP-GlcNAc-bound YvcJ and UDP-GlcNAc-bound GlmR occurs and this prevents 

GlmR from stimulating GlmS activity in B. subtilis (12). But when growing on non-glycolytic 

carbon sources (low GlcNAc levels), this interaction does not occur; GlmR is free to stimulate 

GlmS activity, which is necessary for accurate peptidoglycan synthesis and correct cell 

morphology (12, 13). Unfortunately, it is unknown what function YvcJ plays when stabilized by 

its interaction with GlmR under glycolytic conditions, or when free from this interaction under 

non-glycolytic conditions. Mtb does conserve a YvcK/GlmR-like protein (Rv1422) encoded 

adjacent to its YvcJ orthologue (Rv1421). Rv1422 was predicted to function in both Mce1- and 

Mce4-mediated lipid utilization pathways by genetic interaction screening, and an Rv1422 mutant 

strain of Mtb has morphological defects when grown in minimal media supplemented with 

cholesterol (14, 15). Our preliminary data indicates ΔRv1421 and ΔRv1422 Mtb strains may have 

minimal or no defect in growth in media supplemented with cholesterol, but diminished 14CO2 

release from ring-labeled cholesterol, similar to ΔRv1625c (Fig. 6.3). Surprisingly, a preliminary 

RNA-seq study also suggests that inducing overexpression of rv1421 in Mtb is sufficient to 

increase MCC gene expression even in the absence of a source of propionyl-CoA, while decreasing 

DosR regulon expression (Fig. 6.3). The DosR regulon can interact with lipid utilization via the 

triacylglycerol synthase gene (tgs1), and this lipid anabolism pathway may be used as a sink for 

fatty acid storage in triacylglycerols while supporting maintenance of NAD+/NADH balance 
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especially under hypoxia (16). Importantly, Rv1625c is also the only AC in Mtb that is required 

during bacterial adaptation to hypoxic conditions in the presence of fatty acids, a condition in 

which DosR regulon genes are also essential for optimal growth (17). The prediction that genes 

adjacent to rv1625c (rv1626/pdtaR, rv1627c, rv1628c) are essential for normal growth on 

cholesterol and have protein partners in the KstR pathway should also be investigated further (17, 

18). Rv1626/PdtaR and its signaling partner Rv3220c/PdtaS are involved in regulating a nitric 

oxide stress resistance system, but were also independently identified in a genetic screen that 

pinpointed pathways that help detoxify propionyl-CoA by shunting it toward cell wall lipid 

synthesis in the presence of fatty acids (19, 20).  

Taken together, the literature and preliminary data is not yet sufficient to propose a 

coherent model explaining the significance of the Rv1625c and Rv1421 interaction, or the role of 

Rv1625c and its adjacent genes in cholesterol utilization. However, it suggests they could be 

involved in coordinating peptidoglycan synthesis with the channeling of cholesterol/fatty acid 

products toward cell wall lipid synthesis versus toward the TCA cycle or storage as triacylglycerol 

(Chapter 2). In the future, this may be clarified by identifying additional Rv1625c and 

Rv1421/Rv1422 protein partners via pull downs using Strep-tagged proteins (Rv1625c, Rv1421, 

Rv1422) against Mtb lysates grown under different conditions, or by generating M-PFC constructs 

suitable for screening for interactions against a library of random Mtb protein fragments (9). 

Comparing the growth phenotypes, metabolite profiles, and transcriptional responses of Rv1625c-

associated mutants under additional combinations of carbon sources and/or stresses (e.g. 

cholesterol, fatty acids, cholesterol and fatty acids together, MCC inactivation, hypoxia) could also 

help reveal how they contribute to lipid metabolism in Mtb. Biochemical assays can also be used 

to establish whether Rv1421/Rv1422 do indeed have similar functions to YvcJ/GlmR.  
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Figure 6.2 Rv1625c interacts with at least one protein partner, Rv1421. (A) Diagram of the 
yeast two-hybrid-like system used in M. smegmatis (Mycobacterial Protein Fragment 
Complementation, M-PFC) to test protein interactions. Rv1625c was fused via its C-terminus to 
the F1,2 fragment of the dihydrofolate reductase gene. Rv1421 was fused via its N-terminus to the 
F3 fragment. Figure adapted from (8), Copyright (2006) National Academy of Sciences. (B) 
Dilutions of M. smegmatis (104-101) carrying both the Rv1625c-F1,2 and F3-Rv1421 constructs 
were plated on agar containing no antibiotics, trimethoprim alone, V-59 alone, or trimethoprim 
and V-59 together. Results are representative of three experiments. Positive interactions are framed 
in green, and negative interactions are framed in red. Bacteria carrying a GCN4-F1,2 construct 
paired with an empty F3 construct serves as a negative control (no protein-protein interaction in 
the presence of trimethoprim). TRIM = trimethoprim. Data courtesy of C. Montague and K. 
Garcia-Martinez.  
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Figure 6.3 Preliminary evidence links Rv1421/Rv1422 to lipid metabolism in Mtb. (A) 
Growth by OD600 measurement of ΔRv1421 and ΔRv1422 Mtb in minimal media supplemented 
with cholesterol. (B) Catabolic release of 14CO2 from [4-14C]-cholesterol in WT, ΔRv1421 or 
ΔRv1422 Mtb pre-grown in cholesterol media. (C) RNA-seq profile of MCC and select DosR 
regulon genes in a TetOn-Rv1421 strain of Mtb. Gene expression is in Rv1421induction versus 
control conditions. Bacteria were grown in standard culture conditions, without a source of 
propionyl-CoA. All experiments are preliminary, from one experiment with three technical 
replicates. RNA-seq data courtesy of B. VanderVen.  
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The second critical question this work leaves unanswered is the mechanism through which 

cAMP synthesis is linked to cholesterol utilization in Mtb. Given that the precursor for cAMP 

synthesis is ATP, and we have shown in this work that ATP has an important role in both fatty 

acid and cholesterol utilization, it is reasonable to hypothesize that the depletion of ATP rather 

than the increased presence of cAMP could be responsible for the ability of V-59/TetOn-cAMP to 

inhibit cholesterol utilization. Alternatively, given the large network of potential cAMP-responsive 

effector proteins in Mtb, the increased cAMP may signal through a cAMP-dependent effector 

protein to alter cholesterol utilization.  

If ATP depletion is a primary mechanism driving the inhibition of cholesterol utilization 

in our propionyl-CoA reporter (prpD’::GFP) and CO2 release assays, then we would expect ATP 

levels to be depleted in Mtb treated with V-59 under the same time points and conditions used in 

these assays. Preliminary experiments indicate that under conditions paralleling the CO2 release 

assay (5 hours of compound treatment), V-59 treatment marginally decreases ATP levels in WT 

Mtb (Fig. 6.4a) Under conditions paralleling the prpD’::GFP assays (24 hours of compound 

treatment), ATP levels are unchanged by V-59 in WT Mtb. This suggests that ATP is not the 

dominant signal modulating cholesterol utilization in WT Mtb during V-59 treatment, but 

additional timepoints matching previous growth curve assay conditions would help confirm this. 

Moreover, as we noted earlier, inducing cAMP was associated with an increase in the expression 

of rv0805, Mtb’s only known phosphodiesterase (Chapter 4). This may be interpreted as a 

compensatory mechanism to hydrolyze the excess cAMP to AMP. The fact that rv0805 mutations 

disrupt growth of Mtb in cholesterol media also suggests that cAMP plays a role in signaling 

related to the cholesterol pathway (18). Altogether, this suggests that ATP depletion is not the 

dominant signal contributing to cholesterol inhibition in WT Mtb treated with V-59. However, we 
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have not yet tested this using the TetOn-cAMP system to separate this from Rv1625c. We have 

also not yet constructed a targeted ΔRv0805 Mtb strain to confirm that this protein is required for 

normal growth on cholesterol and cholesterol metabolism. Additionally, we have not tried 

overexpressing Rv0805 in WT Mtb to determine if this helps restore cholesterol utilization during 

V-59 treatment, which would add further support to this model.  

By contrast, throughout our experiments, the CompFull strain consistently displayed 

enhanced lipid utilization defects during V-59 treatment compared to WT Mtb. This phenotype 

was associated with higher levels of cAMP synthesis and is potentially associated with severe 

depletion of ATP (Chapter 4, Fig. 6.4a). We also noted that during V-59 treatment the CompFull 

strain i) was not rescued for growth by supplementation with the two-carbon fatty acid acetate, ii) 

had substantial defects in prpD’::GFP signal in the presence of both long (C17:1) and short 

(propionate) chain fatty acids, and iii) is not rescued for growth by supplementation with the even-

chain fatty acid oleate (Chapter 4, Fig. 6.4 b, c). Therefore, in light of the ATP assay results, it 

seems possible that a combination of cAMP signaling and ATP depletion explain the enhanced 

phenotypes of the CompFull strain. We have not yet used radiolabeled assays to confirm whether 

fatty acid uptake and breakdown are also defective under this condition, but this would be predicted 

based on our work with MceG (Chapter 3).  

When comparing the two rescue curves with fatty acid supplementation 

(7H12+cholesterol+acetate versus 7H12+cholesterol+oleate), we noted that WT Mtb did have a 

delayed growth defect during V-59 treatment in media supplemented with oleate but not acetate. 

If fatty acid uptake and β-oxidation were operating fully under these conditions, one would expect 

oleate to be able to fill the same pathways as acetate and confer growth rescue. This defect would 

not have been captured in our previous CO2 release assay using radiolabeled palmitate because the 
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compound treatment period for this assay was only 24 hours (Chapter 4). This suggest that, outside 

of the early time points we tested, V-59 treatment may induce a delayed long-chain fatty acid 

utilization defect in WT Mtb. Fatty acid uptake and metabolism assays at later time points after 

compound addition would help resolve this question, and this can also be examined during BMDM 

infection via Bodipy-C16 (9, 21). We also have not yet determined if this is specific to Rv1625c-

dependent cAMP synthesis or can be generalized to the TetOn-cAMP system, if this effect is 

associated with ATP depletion at later timepoints, and whether Mt-Pat or another cAMP-

dependent effector protein contributes to this.  

We have attempted to identify whether a cAMP-dependent effector protein mediates 

downstream changes to cholesterol utilization during V-59 treatment by using several unbiased 

genetic screening approaches. All of these screening approaches were designed to identify 

mutations that confer resistance to signature effects of V-59 (decreased growth on cholesterol 

media or decreased prpD’::GFP signal). However, even when we expressed a second copy of 

rv1625c in a WT background, we repeatedly identified only rv1625c mutations from these screens 

and did not identify another candidate for downstream cAMP-mediated signaling (C. Montague, 

data not shown). We also found that the prime candidate based on the literature, Mt-Pat, is not 

required to downregulate cholesterol utilization during cAMP induction based on early exploratory 

experiments (Chapter 4). However, we have yet to test targeted mutations in any of the other 10 

predicted cAMP-binding effector proteins of Mtb. A CRISPR interference platform was recently 

developed in Mtb that can be used to transcriptionally silence libraries of target genes (22). In the 

future, we will generate a library of CRISPRi strains that silence each of the cAMP-binding 

proteins in Mtb, and test whether silencing any of these effector proteins rescues or partially 

improves Mtb growth during V-59 treatment.  
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Finally, given the potentially complex yet poorly-understood connections between 

Rv1625c, cAMP signaling, lipid metabolism, and hypoxia suggested above, it may be interesting 

to explore how inducing cAMP via V-59 or TetOn-cAMP under combinations of fatty acids and 

cholesterol (or cholesteryl esters) influences lipid breakdown, lipid anabolism, and NAD+/NADH 

balance during normoxia versus hypoxia. Both Rv1625c and Mt-Pat were proposed to be necessary 

for optimal growth of Mtb during the transition to hypoxia based on genetic screening in liquid 

media supplemented with fatty acids (17). However, the authors of this study did not confirm 

whether Mt-Pat is activated under this condition by cAMP derived from Rv1625c, nor did they 

directly identify acetylation targets for Mt-Pat under this condition. We also do not understand 

how the addition of cholesterol utilization would interact with their proposed model of Mt-Pat-

mediated adaptations to hypoxia, when an abundant supply of propionyl-CoA derived from 

cholesterol breakdown may confer additional metabolic constraints (Chapter 2). Altogether, the 

V-59 and TetOn-cAMP tools present opportunities to dissect how inducing cAMP signaling can 

modulate Mtb metabolism in a variety of conditions that we and others have not yet explored.  
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Figure 6.4 V-59 does not drive ATP depletion and cholesterol utilization defects 
simultaneously in WT Mtb, but ATP depletion is a dominant feature in CompFull Mtb during 
V-59 treatment. (A) Relative ATP levels in WT, ΔRv1625c, and CompFull (rv1625c 
overexpressing) Mtb treated with DMSO (vehicle), Q203 (positive control, or V-59 for 5 hours or 
24 hours. Cells were cultured in 7H12+cholesterol+acetate media to match CO2 release and 
prpD’::GFP assay conditions. An equivalent number of bacteria were collected and processed via 
the BacTiter-Glo assay to quantify ATP levels. (B)  
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6.3 The potential of Rv1625c agonists to modulate host inflammation 

 The results presented in Chapter 5 demonstrate that V-59/mCLB073 reduces Mtb burden 

and lung pathology in murine models of TB infection when given in a single-agent regimen. 

However, we have not yet addressed how V-59/mCLB073 may be integrated into a TB drug 

regimen, which necessitates pairing multiple antibiotics. Additionally, our preliminary results 

suggest that chemically inducing cAMP synthesis by Mtb during infection not only modulates 

lipid utilization by the bacterium, but also may skew cytokine production by infected macrophages 

via the excess cAMP secreted from Mtb into its environment. Many of these results are 

preliminary, and require repetition to strengthen our conclusions. Regardless, here we outline 

potential future directions for exploring this unusual drug-dependent host-pathogen interaction. 

 Addressing the first point, in the future we will investigate whether integrating V-

59/mCLB073 into existing TB antibiotic regimens confers improved disease outcomes. For 

example, V-59/mCLB073 would be useful if adding it to a regimen reduces the time to sterilization 

during treatment. It will also be important to test whether the addition of V-59/mCLB073 can 

reduce disease relapse after drug treatment is completed. Either of these positive outcomes would 

suggest that V-59/mCLB073 promotes clearance of a population of Mtb that normally contributes 

to drug persistence and/or reactivation of disease during standard treatment. New antibiotics that 

enhance the rate of sterilization may eventually contribute to shorter treatment, curtail the 

development of side effects, and promote durable cure. These positive findings with V-

59/mCLB073 would help confirm the long-held hypothesis that utilization of lipids by Mtb 

supports a persistent, slow-growing phenotype that promotes bacterial survival during antibiotic 

treatment and/or re-emergence of a population of bacteria after treatment (23). To this point, 

genetic screening has been used in a high-dose model of mouse infection to identify mutations in 
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Mtb that confer increased or decreased bacterial clearance during treatment with a front-line drug 

combination regimen (INH, RIF, PZA, EMB) (24). Transposon mutations in the Mce4 operon but 

not the Mce1 operon showed a trend toward enhancing clearance during drug treatment, but out of 

these only mce4E and mam4b mutations were predicted to significantly change the rate of 

clearance (24). Disease relapse was not addressed in this study. Inducible methods for interfering 

with lipid utilization in Mtb (e.g. genetic methods like Tet-controllable gene inhibition, or 

chemical means like V-59/mCLB073) offer a more precise approach for testing this hypothesis in 

the future, as these approaches are not confounded by the necessity for high-dose intravenous 

infection or difficulties accounting for colonization defects in bacterial fitness prior to the start of 

drug treatment. Additionally, we do not yet know which other TB antibiotics pair synergistically 

with V-59/mCLB073. In vitro assays in liquid media are the most tractable method for empirically 

testing drug synergy, and recent work by Larkins-Ford et al. proposed that performing multiple 

drug combination assays representing different individual environmental conditions, especially 

high lipid content, may improve how predictive these assays are of effective combinations in 

mouse studies (25). However, it remains to be seen whether prioritizing new combinations based 

on their recommended suite of the most predictive, lipid dominant in vitro assays will be sufficient 

to account for the complex combinations of stresses that determines true drug efficacy in vivo (26). 

As discussed in Chapter 1, testing in mouse models alone is also not considered sufficient to draw 

conclusions about the potential of a new drug. Ultimately, modeling drug combinations in animals 

like non-human primates that more closely recapitulate human disease would be necessary to judge 

whether V-59/mCLB073 has realistic potential to add value to the existing frontline regimen or to 

the newly developed Nix-TB regimen (Chapter 1).  
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 Addressing the second point, our preliminary results suggest that there is a correlation 

between chemically activating Rv1625c, increasing cAMP synthesis and secretion from Mtb, and 

decreasing the production of at least two cytokines from infected phagocytes. However, further 

repetition of these experiments will be necessary to strengthen these results, and there are a variety 

of future experiments that could be performed to expand our understanding. As discussed in 

Chapter 1, the host protectiveness of individual granulomas is likely dictated significantly by the 

phenotype of local immune cells present in the lesion. Because our preliminary data suggests that 

V-59/mCLB073 primarily alters Mtb metabolism but may also have secondary 

immunomodulatory effects during infection, our first goal has been to define the scope and 

magnitude of the changes these compounds may exert on the innate immune cells Mtb resides in. 

As a starting point, we performed RNA-seq using BMDMs, and then confirmed that two of the 

cytokines predicted to be affected by mCLB073 treatment in vitro (IL-1β and CXCL1) were also 

disproportionately decreased by mCLB073 treatment in vivo. Thus far we have confirmed that the 

effect of mCLB073 treatment on IL-1β seems Rv1625c-dependent in BMDMs in vitro, but have 

yet to confirm that these changes are Rv1625c-dependent in vivo (Fig. 6.5). To our knowledge, 

little is known about how various TB antibiotics might differentially affect the host immune 

response as they trigger bacterial death via different mechanisms. We have attempted to 

distinguish trivial CFU-dependent changes in cytokines from unique cAMP-dependent changes in 

our in vivo experiments by comparing mCLB073 treatment with INH treatment. However, to 

strengthen our claim that effects we observe with mCLB073 are specific to the mechanism of this 

compound, we could compare mCLB073 with additional TB antibiotics besides INH that have 

different bacterial targets throughout our experiments. We could also attempt experiments with 

lower doses of mCLB073 or shorter dosing times to try to assay changes in cytokines before a 
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decrease in CFUs occurs. Importantly, our work so far in mice has been performed using acute 

infection models to expedite the verification of candidate cytokines, but ultimately these findings 

should be verified in a chronic model of infection after an adaptive immune response has 

developed. 

Our experiments using whole lung lysates in mice do not distinguish phenotypic changes 

in different populations of cells, for example infected versus bystander cells or different subsets of 

macrophages and neutrophils. To address this, we have begun developing a flow cytometry 

protocol for murine lung-derived cells that is compatible with intracellular cytokine staining. This 

will allow us to distinguish Mtb infected versus uninfected cells, and to quantify cytokine changes 

in neutrophils and two major macrophage populations (alveolar and interstitial macrophages) that 

were associated with differential control of Mtb burden in the past (27). We are also testing a strain 

of Mtb that stably expresses a red fluorescent protein for longer than 2-3 weeks in vivo, because 

antibiotic selection is not present during mouse infection to promote retention of the episomal 

plasmids on which our fluorescent Mtb strains currently rely (28). This would allow us to perform 

these experiments during the chronic stage of infection when adaptive T cell responses are present 

and significantly influence macrophage responses and the host pressures Mtb encounters. We also 

have tools in place for sorting live cell subsets from infected mice, which facilitates quantifying 

cell-type dependent changes in culturable bacterial burden, host and bacterial dual transcriptional 

signatures, and cellular metabolism ex vivo where appropriate.  

 We have not yet examined the downstream functional implications of our preliminary 

findings in mice. For example, if mCLB073 significantly decreases CXCL1 production in the lung 

during Mtb infection via activating cAMP synthesis, then we would predict that neutrophil 

accumulation in the lungs and the proportion of infected neutrophils might be decreased during 
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mCLB073 treatment in an Rv1625c-dependent manner. Preliminary flow cytometry experiments 

suggest fewer neutrophils are present in the lungs of BALB/c mice acutely infected with Mtb and 

treated with mCLB073 for one week (Fig. 6.6). However, we have not yet controlled for the 

decrease in Mtb CFUs we observed in these early experiments, and we did not define whether 

specific cell populations are producing less CXCL1. In the future we could also investigate 

whether other important neutrophil chemokines (e.g. CXCL2, CXCL5, CXCL8) are decreased by 

mCLB073, and whether any changes are limited to the lung environment or are detectable 

systemically in plasma. Examining this in additional relatively resistant (C57BL/6J) and relatively 

susceptible mouse backgrounds could be useful to determine whether this observation is restricted 

to the Th2-skewed immune response of BALB/c mice. As discussed in Chapter 1, multiple single-

gene knockout mice on a C57BL/6J background (Irg1-/-, Atg5-/-, Nos2-/-) have increased 

susceptibility to Mtb that is characterized by enhanced neutrophil recruitment. If substantially 

decreasing neutrophil recruitment is a general immunomodulatory effect of mCLB073, then 

mCLB073 treatment may be able to improve measures of disease outcome in these mice (e.g. 

decrease necrosis, decrease granuloma size, prolong survival, decrease Mtb burden) while being 

correlated with less neutrophil accumulation in an Rv1625c-dependent manner.  

Similarly, more work would be needed to determine whether IL-1 signaling is indeed 

decreased by mCLB073 in vivo, and whether this is beneficial during chronic infection. As 

discussed in Chapter 1, IL-1 signaling is thought to interact with a complex counter-regulatory 

loop during TB infection. IFNγ is consistently proposed to influence IL-1 production after the 

adaptive T cell response has developed, suggesting analysis of this pathway in the context of 

chronic infection will be especially important.	While sufficient IL-1 signaling is thought to be 

required to promote disease control early after Mtb infection, excessive IL-1 signaling during 
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chronic infection is associated with disease severity and neutrophil accumulation. Indeed, in 

animal models, administering an IL-1 receptor antagonist (Anakinra) in combination with the TB 

antibiotic linezolid reduced total lung inflammation, limited neutrophil recruitment, and partially 

reversed harmful side effects associated with linezolid, without impairing bacterial clearance or 

the host response (29). If mCLB073 significantly reduces IL-1 production during chronic 

infection, then administration of mCLB073 may promote similar outcomes as those reported 

during αIL-1R1 administration alone in WT C57BL/6J, Nos2-/-, and/or C3HeB/FeJ mice (less 

neutrophil accumulation, less lung inflammation, smaller lesion size, ameliorated weight loss) in 

an Rv1625c-dependent manner (29). This could work in concert with changes in neutrophil 

chemoattractants discussed above. We have not yet investigated whether other cytokines that may 

interact with the IL-1 regulatory loop are also altered during mCLB073 treatment, in a manner that 

is independent of changes in CFUs and dependent on Rv1625c. Based on the literature, secondary 

effects of IL-1 suppression by mCLB073 could include a concomitant decrease in PGE2 and 

increases in 12-hydroxyeicosatetraenoic acid, Type I IFNs, IL-10 and/or IL-1Ra (30, 31). IL-1Ra 

is particularly important to quantify, because the balance of both IL-1 (receptor agonist) and IL-

1Ra (receptor antagonist) influences the IL-1 signaling output. It will also be important to establish 

whether ELISA results reflect differences in the levels of pro-IL-1α/β versus their active, cleaved 

forms. As discussed above, flow cytometry analyses on lung cells isolated ex vivo and stained for 

cytokine production could help distinguish whether mCLB073 induces changes in IL-1 production 

in particular phagocyte populations, and in infected versus uninfected cells.  

Although this discussion is focused on in vivo follow up experiments, complementary in 

vitro experiments using BMDMs or J774 cells would be helpful to examine mechanisms 

underlying any links we identify between mCLB073/V-59, increased cAMP secretion by Mtb, and 
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modulation of macrophage phenotypes. As discussed earlier, past studies that examined cAMP-

dependent changes to phagocyte phenotypes relied on methods known to increase cAMP in the 

cytosol. Currently we do not know where excess cAMP secreted by Mtb during macrophage 

infection is localized and how this intersects with localization of cAMP-dependent effector 

proteins (PKA or Epac) in the cell. To strengthen the claim that changes we see in particular 

cytokines during mCLB073/V-59 treatment are dependent on excess cAMP secreted from Mtb, 

we would need to demonstrate that Rv1625c-dependent changes during compound treatment are 

mediated in a manner dependent on PKA. Numerous tools (e.g. knockdown of PKA, inhibitors of 

kinase anchoring protein (AKAP) interactions with PKA, phosphospecific antibodies for targets 

of PKA) are available to track activation of this pathway and its effect on NF-κB-dependent gene 

induction (32, 33). Alternatively, it is possible that the changes we observe in the macrophage 

phenotype are not due to a direct interaction of cAMP with host cell signaling. Some or all of the 

changes could be mediated by an unidentified Mtb protein or cell wall component that is modulated 

in a cAMP-dependent manner and has immunogenic properties. Thus, Rv1625c agonist 

compounds present a novel opportunity to explore mechanisms by which these and other 

macrophage functions identified in our RNA-seq data (modulation of dual-specificity phosphatase 

genes or cholesterol homeostasis) may be influenced by upregulating cAMP synthesis in Mtb.  
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Figure 6.5 Preliminary quantification of IL-1β secreted by Mtb-infected BMDMs. Murine 
BMDMs from BALB/c mice were infected at an MOI of 7 with CDC1551 strains of Mtb as 
indicated. After 24 hours of treatment with vehicle control (DMSO) or mCLB073 (25μM), 
supernatants were collected and processed via ELISA to quantify IL-1β. Data are from one 
experiment with two technical replicates in each group. Data courtesy of C. Montague.  
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Figure 6.6 Preliminary quantification of neutrophils following mCLB073 treatment in lungs 
of Mtb infected mice. BALB/c mice were infected with 2,000 CFUs of mCherry-expressing Mtb 
Erdman for two weeks. Mice were given vehicle control or mCLB073 (10mg/kg) by oral gavage 
during days 7-13 post-infection. On day 14 post-infection, lungs were collected and processed for 
flow cytometry and intracellular cytokine staining. (A) Percentage of neutrophils quantified within 
the total live cell population. (B) Percentage of neutrophils infected with Mtb based on positive 
mCherry signal. (C) Percentage of infected (left) or uninfected (right) neutrophils that are positive 
for TNFα staining. Data are representative of two experiments. Data shown is from one experiment 
with 4 mice per group.  
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6.4 Final thoughts 

As discussed in Chapter 1, identifying novel mechanisms that can be chemically targeted 

to accelerate Mtb clearance, provide durable cure, and promote granuloma resolution in the face 

of host granuloma heterogeneity and bacterial tolerance is the telos of TB therapeutic research. 

Here we have presented data detailing how the transformation of ATP,  by hydrolysis or 

cyclization, lies at the center of lipid utilization pathways in Mtb, which suggests potential future 

mechanisms for antibiotic development. Specifically, we have investigated compounds that 

chemically activate cAMP synthesis from ATP in Mtb, while displaying promising safety and 

pharmacokinetic profiles. This is an unusual mechanism of action that may be able to exert dual 

beneficial effects by limiting Mtb lipid utilization while downregulating host inflammatory 

signaling associated with neutrophil infiltration. This mechanism may prove to be the most 

effective in poorly-controlling granulomas, characterized by enhanced neutrophil influx where 

fatty acid uptake, cholesterol utilization, and gluconeogenesis are predicted to be especially 

important for Mtb survival (31). Populations of Mtb associated with host stress, slow net growth, 

and drug tolerance are closely linked with metabolic realignments centered around lipid utilization. 

In at least one case, multi-drug resistance is also associated with a shift toward cholesterol 

metabolism (34). Much is left to be learned about the intersection of ATP, cAMP and mixed 

nutrient metabolism in Mtb and in the host. This work suggests future opportunities to examine 

whether counterbalancing at the local level the typical lipid and/or inflammatory niche Mtb 

constructs for itself will be a powerful tool to reduce antibiotic tolerance, expedite bacterial 

clearance, and promote durable cure in combination with other TB antibiotics. .  
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