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Summary

The current drug regimens used to treat tuberculosis are largely comprised of serendipitously 

discovered drugs that are combined based on clinical experience. Despite curing millions, these 

drug regimens are limited by the long course of therapy, the emergence of resistance, and 

permanent tissue damage. The last two decades have produced only a single new drug but have 

represented a renaissance in our understanding of the physiology of TB infection. The advent of 

mycobacterial genetics, sophisticated immunological methods, and imaging technologies has 

transformed our understanding of bacterial physiology as well as the contribution of the host 

response to disease outcome. Specific alterations in bacterial metabolism, heterogeneity in 

bacterial state, and drug penetration all limit the effectiveness of antimicrobial therapy. This 

review summarizes these new biological insights and discusses strategies to exploit them for the 

rational development of more effective therapeutics. Three general strategies are discussed. First, 

our emerging insight into bacterial physiology suggests new pathways that might be targeted to 

accelerate therapy. Second, we explore whether the concept of genetic synergy can be used to 

design effective combination therapies. Finally, we outline possible approaches to modulate the 

host response to accentuate antibiotic efficacy. These biology-driven strategies promise to produce 

more effective therapies.
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The state of TB treatment

Of all bacterial diseases, tuberculosis (TB) continues to exert the highest toll on human 

health. Despite effective chemotherapeutic regimens that were developed decades ago, TB 

continues to afflict 8.6 million and kill 1.3 million every year (1). This disease remains a 

persistent public health threat for a variety of complex biological and sociological reasons. 

Primary among these reasons is the long, complex, and variably effective antibiotic regimen 

that is needed to treat the disease.

The current treatment regime for drug-sensitive tuberculosis was established in 1994 by the 

WHO and utilizes a cocktail of four antibiotics, isoniazid (INH) , rifampin (RIF), 

pyrazinamide (PZA), and ethambutol (EMB), that were discovered 50-60 years ago (2). 

Drugs are administered for at least six months and, to ensure compliance, each dose should 

be monitored by a healthcare worker. The delivery of this directly observed therapy (DOT) 

is both expensive and difficult to accomplish in the resource-limited settings where TB is 

most prevalent. Even if this regimen is faithfully delivered, relapse rates are estimated to be 

as high as 2-20% depending on risk factors, such as diabetes, human immunodeficiency 

virus (HIV) co-infection, and antibiotic resistance (3).

While it is true that only a single new drug for TB has been introduced over the past 40 

years, the shortcomings of TB chemotherapy are not merely the result of a lack of scientific 

effort. Eradication of Mycobacterium tuberculosis (Mtb) is considerably more difficult than 

many other infections for a number of purely biological reasons including limited drug 

penetration into both host tissue and the bacteria, heterogeneity in bacterial metabolic states 

that alter antibiotic susceptibility (4-6), and the propensity of mycobacteria to enter into a 

quiescent state that generally limits drug efficacy (7-9). The lack of a single standard 

preclinical model that mimics human disease states has made these issues even more 

difficult to overcome.

Understanding the fundamental biology that underlies drug efficacy in vivo could foster 

rational strategies for improving TB treatment by designing drugs that inhibit pathways 

critical during infection. Unfortunately, our current drugs were developed without this 

insight, and we are still discovering the mechanisms that determine their activity. A classic 

example of this knowledge gap is PZA. Regimens containing RIF and PZA are the most 

effective in eradicating Mtb and preventing relapse and remain the foundation of TB 

therapy. PZA was discovered in 1952 as a result of parallel programs to optimize the anti-

mycobacterial properties of nicotinamde, programs that also led to the development of INH 

and ethionamide (ETA) (10). PZA shows little activity in vitro except under specific acidic 

conditions, but is a potent bactericidal agent in vivo that synergizes with RIF. The reasons 

for PZA's remarkable potency in vivo and synergy with RIF are still being unraveled. It is 

possible that the compound's mechanism of action is responsible (11). PZA may act by a 

variety of mechanisms, including inhibition of the Mtb fatty acid synthase, the inhibition of 

trans-translation, or the neutralization of the membrane potential (12-15). PZA attains high 

concentrations in necrotic regions of the TB lesion which might also contribute to its in vivo 

activity (4).
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The example of PZA highlights the serendipity that led to our current TB treatment regimen. 

A similar compound with weak in vitro activity and an unknown mechanism of action 

would be unlikely to progress in a modern drug development program. Nevertheless, when 

administered to a patient, this compound possesses potent sterilizing activity. Over the past 

two decades, our understanding of the physiology of both host and pathogen during TB 

disease and treatment has increased exponentially. This review will explore our current 

knowledge of Mtb physiology and antibiotic activity during infection and discuss new 

strategies to capitalize on this insight to more rationally design new drugs or drug 

combinations that that improve treatment.

Mtb physiology in vivo

Our understanding of TB disease progression is derived from careful histopathological 

studies of tissues from human surgical resection and autopsy specimens in conjunction with 

animal models (16). Initial Mtb infection occurs upon the inhalation of bacilli, which are 

engulfed by the major phagocytic cell of the airway, the alveolar macrophage, where 

replication initiates. This cell is likely to be a transient niche for Mtb. Within a matter of 

days, Mtb is found within recruited myeloid cells, both macrophages and dendritic cells in 

the mouse (17). During this initial phase of infection, the bacterium grows relatively rapidly 

inside of an increasing number of recruited cells. In both mice and nonhuman primate 

models, each infecting bacterium establishes an independent focus of infection (18). Even at 

this very early stage, the necrosis (also called ‘caseation’) characteristic of mature TB 

lesions can be found, presumably as a result of the death of infected cells.

Expansion of the bacterial population is restricted with the onset of adaptive immunity 

(18,19). A robust CD4+ T-cell response is capable of arresting bacterial replication through 

the enhancement of the antimicrobial capacity of the parasitized macrophage (20,21). CD8+ 

T-cell-mediated cytotoxicity may also play a role in restricting the intracellular niche of the 

bacterium (22). At sites of strong T-cell immunity, the majority of bacilli are thought to 

arrest their growth in a nonreplicating state, in which nominal metabolism continues but the 

bacterium is relatively insensitive to antibiotic treatment (23,24).

This relatively simple situation is complicated by the existence of distinct host 

microenvironments that influence both bacterial physiology and drug penetration (Fig. 1). 

As described above, this environmental heterogeneity varies temporally as the infection 

progresses. However, it is also clear that the bacterial environment varies spatially 

throughout the infected tissue. Chronic TB lesions are dynamic structures comprised of a 

variety of lymphocyte classes, differentially activated macrophages and dendritic cells, and 

neutrophils (25). These cells are often located between a caseous core of necrotic material 

and a fibrous cuff that contains the lesion. The exclusion of vasculature from necrotic areas 

creates regions of differing hypoxia (26). Bacteria can be found throughout these complex 

structures. Intracellular bacteria are found within all classes of myeloid cells in the cellular 

region. In addition, extracellular bacteria are found in the necrotic region, varying from a 

negligible number in small contained lesions, to a huge number in cavitary lesions that are 

responsible for most transmission (27). Mature TB lesions are often termed ‘granuloma’ due 

to the predominance of epitheliod macrophages (28). However, Mtb infection induces a very 
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characteristic manifestation of the granuloma, making the application of this term somewhat 

imprecise. Thus, we term these ‘TB lesions’.

The distinct microenvironments in which the bacteria are found might be expected to present 

different environments and impose distinct physiological states on the bacterium. This 

supposition is supported by the observation of phenotypic heterogeneity among bacteria 

recovered from human sputum, which consist of both cell-associated and free bacteria that 

are differentially antibiotic susceptible (29,30). Understanding the relationship between 

histopathological niche, bacterial physiology, and drug susceptibility is fundamental to the 

design of more effective therapies. Unfortunately, the human observational studies that 

produced this detailed description of TB disease are not capable of probing bacterial 

physiology at a resolution that is sufficient to inform drug development. For this reason, a 

variety of experimentally tractable animal models have been used to model the 

environments that Mtb encounters in the human. Before describing our current 

understanding of Mtb physiology during infection, we will discuss the strengths and 

limitations of current model systems. The major models that have been used for this purpose 

are described below, in order of increasing complexity.

Cell culture models are simplest systems used to mimic infection and are amenable to a 

variety of high throughput chemical and genetic screening methodologies (31-33), as well as 

detailed metabolic flux estimations (34). By definition, these systems only recapitulate the 

environment encountered by intracellular bacteria. In addition, it is likely that no single cell 

type in monoculture will accurately recapitulate the multicellular environment of a TB 

lesion. Indeed, whole-genome screens identified overlapping, but remarkably distinct Mtb 

mutants that display growth defects mouse macrophages versus intact mouse spleen (35).

A variety of whole animal models have been investigated as TB models, including frog, 

zebrafish, mouse, guinea pig, rabbit, and nonhuman primate. Each of these has been 

reviewed elsewhere (36-39). The mouse remains the most commonly used model, both 

because of its low cost and genetic tractability. While many of the hallmarks of TB are 

recapitulated in the mouse, TB lesions in standard laboratory strains, such as C57BL/6, fail 

to develop central necrosis and the majority of bacteria remain intracellular (37). More 

recently, a number of new mouse models have been identified that increase the diversity of 

disease states that can be produced in this species. One strategy has been to take advantage 

of the natural diversity that exists in the mouse. For example, a specific substrain of M. 

domesticus , C3HeB/FeJ, was found to be hypersusceptible to Mtb infection due to a 

mutation in the IPR1 gene that enhances macrophage necrosis (40). This mouse strain 

develops encapsulated necrotic lesions that are hypoxic and more closely resemble human 

cavitary disease (41). A second strategy involves a more systematic manipulation of the 

mouse and infection to produce altered histopathology. A subcutaneous Mtb infection can 

produce lung lesions that bear striking resemblance to those seen in primates, if a mouse 

prone to inflammation is used (42). This observation suggests that the histopathology of 

lesions is not an absolute characteristic of a species but, instead, reflects the relative timing 

of bacterial colonization of the lung and the priming of the adaptive immune response. In 

both of these experimental models, significant heterogeneity in lesions exists in individual 

animals, similar to the case in human.
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There is clearly no shortage of models to investigate Mtb infection. The major challenge is 

relating the specific stresses defined in simple systems to the actual microenvironments 

encountered in the intact lung, and understanding how the bacterial adaptations to these 

stresses affect antibiotic activity. Our current understanding of these events is summarized 

below.

Growth rate

The most obvious physiological adaptation to different host compartments is altered 

replication rate. The average doubling time of Mtb in chronically infected mice has been 

estimated by two different methods to be greater than 96 hours (24,43). Modeling in TB 

growth and death dynamics in the nonhuman primate model is consistent with very limited 

bacterial replication in most TB lesions (18). As many antibiotics, particularly cell wall 

inhibitors, preferentially act on growing cells, the limited growth that occurs during 

infection is thought to be one of the major factors limiting TB treatment efficacy (44).

While growth rate is often considered as simply the sum of the various individual metabolic 

adaptations described below, this view is predicated on the assumption that cellular 

metabolism always maximizes growth rate. This may be a reasonable assumption in many 

bacteria that rely on rapid growth to compete with neighboring microbes for limited 

resources. However, in slowly growing organisms that are not forced to compete, such as 

Mtb, this assumption might not be applicable (7). Indeed, growth rate appears to be actively 

controlled in Mtb in response to stress. A variety of stresses, such as low pH, low oxygen, or 

iron limitation, triggers the sensor kinase DosRST and induces triglyceride accumulation via 

the induction of the tgs1 gene. This response effectively depletes acetyl CoA and restricts 

bacterial growth, and mutants lacking this system continue to grow and divide under 

conditions that limit the replication of wild type bacteria (45). These observations indicate 

that growth arrest is an active response to stress that is separable from the metabolic capacity 

to grow. Other growth-regulatory pathways, such as the stringent response, produce a 

similar drug tolerant state in other bacteria (46), but it remains unclear if the mycobacterial 

stringent response (47,48) produces the same effect.

Consistent with the concept that low growth rate reduces treatment efficacy, antibiotics that 

retain their activity against nonreplicating bacteria are components of the most efficacious 

regimens in animal models. These compounds include RIF, bedaquiline (BDQ), 

fluoroquinolones, and PZA (7,49). Based on these data, identification of new compounds 

that share or maximize this activity remains a major goal of many drug discovery efforts.

Respiration

Despite possessing genes that are usually dedicated to microaerophillic and anaerobic 

metabolism, Mtb does not grow without oxygen in any laboratory medium yet investigated. 

This observation, in conjunction with the essentiality of the TCA cycle and terminal 

cytochrome oxidase complexes, has led to the classification of Mtb as an obligate aerobe, 

and it is clear that respiration is a critical feature of Mtb physiology that is altered in 

different host microenvironments.
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Oxygen is a preferred electron acceptor for Mtb. The importance and overlapping roles of 

the major aa3-type cytochrome c oxidase and high affinity bd oxidase during murine 

infections highlights the critical role of aerobic respiration during infection (50). However, 

both direct measurements of dissolved oxygen (51) and histochemical studies (26) indicate 

that oxygen is limiting in many TB lesions. Oxygen availability is clearly heterogeneous. 

Vascularization is apparent in the cellular region of a lesion, but the central necrotic core 

that harbors extracellular bacteria appears to be largely hypoxic. The host response to 

infection can also change respiratory capacity in less obvious but equally important ways. 

For example, nitric oxide (NO) production by macrophages can poison the respiratory chain 

and produce a transcriptional response in Mtb that is indistinguishable from hypoxia (52). At 

the same time, NO is reduced to nitrite and nitrate in the tissue, and the Mtb nitrate reductase 

genes are induced during infection (53). Nitrogen-based respiration appears insufficient to 

support replication, at least under defined in vitro conditions. However, exogenously 

supplied nitrate increases Mtb survival in vitro during mild acid stress (pH 5.5) or hypoxia, 

indicating that this function may be important for maintaining cellular redox, an important 

determinant of antibiotic activity (45,54-56).

In the gut, inflammation has been found to alter bacterial respiration in even more 

unexpected ways. Reactive oxygen species generated by the immune response produce long-

lived S- and N-oxides that can serve as electron acceptors for molybdepterin-dependent 

TMAO oxidase complexes and facilitate anaerobic respiration (57). As a result, 

inflammation actually promotes the selective growth of gamma-proteobacteria that can 

perform these reactions (58). While similar observations have not been reported in the lung, 

it is notable that a homologous TMAO oxidase and molybdepterin are produced by Mtb, 

suggesting that it may encounter environments in which alternative respiratory systems are 

used (59).

It is somewhat surprising that Mtb is unable to grow anaerobically while possessing such a 

flexible respiratory network and fermentative pathways (51). Before concluding that 

hypoxia necessarily restricts bacterial growth in necrotic lesions, we should remember that 

respiratory limitation is a potent inducer of the growth-regulatory responses described 

above, and that mutants lacking DosRST or Tgs1 grow at lower oxygen tensions than wild 

type (45). Similarly, simply increasing CO2 concentration can dramatically potentiate Mtb 

growth in hypoxia (60). Thus, it remains possible that the lack of anaerobic growth thus far 

observed is due to a combination of regulatory effects and suboptimal culture conditions and 

that the hypoxic caseum could be a site of active replication.

Regardless of replication rate, respiration appears to be a primary mechanism of redox 

regulation in mycobacteria and the redox state of the bacterial cell has profound effects on 

antibiotic activity. Both too many oxidants and reductants can promote antibiotic activity in 

Mtb (45,61). The association between TCA activity, redox state and antibiotic-mediated 

killing has been demonstrated in a large number of bacterial species and systems leading to 

the proposal that ROS or redox-based toxicity is a common mechanism of killing (62,63). 

This might not be true in all systems (5,6), but the general association between redox state 

and antibiotic activity remains strong.
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The association between respiration, redox, and antibiotic activity has significant 

implications for TB therapy. Different host microenvironments could induce alternative 

respiratory systems and influence the overall redox state of the cell. This complexity could 

alter drug efficacy and might even be exploited to improve therapy. An anecdotal example 

of this strategy is provided by the use of prodrugs that are activated in hypoxic conditions. 

Metronidazole (MTZ) is activated by the reduction of a nitro group under anaerobic 

conditions which leads to free radical mediated DNA damage (8,64). This reaction is 

nonproductive during aerobic conditions as the single electron-reduced species reacts with 

molecular oxygen. While MTZ proved too neurotoxic for long term TB treatment in 

humans, other nitroimidazole drug candidates (delaminid and PA-824) share the anaerobic 

activity of MTZ and are in late stage clinical trials (65).

Macronutrient acquisition and catabolism

All life requires nitrogen, carbon, and phosphorus. Phosphorus is generally considered to be 

freely available in the form of phosphate and phosphate import is required for intracellular 

growth (66). Nitrogen is acquired by Mtb from organic molecules, such as arginine and 

glutamine (reviewed in 67). These pathways and their corresponding uptake systems are 

both required during infection. Notably, screening conditions used for drug discovery 

contain similar nitrogen sources as those that are used during infection.

Despite the fact that Mtb can grow on a single carbon source, surprisingly, it needs multiple 

substrates during infection (67). The genome of Mtb encodes genes dedicated to the 

acquisition and degradation of fatty acid, cholesterol, hexose, glycerol, and amino acids. A 

variety of evidence suggests that most of these substrates are important for bacterial growth 

during infection. Both the transcriptional induction of beta oxidation genes (68) and the 

preferential mineralization of lipids by Mtb recovered from human lesions (69) indicates 

that fatty acid catabolism occurs during infection. Mtb mutants lacking the ability to acquire 

or degrade hexose or cholesterol are unable to maintain a persistent infection of mice 

(70,71). Metabolic flux modeling of Mtb growth in macrophages indicates that glycerol, 

likely derived from phospholipids, may also be acquired and degraded (34).

The apparent paradoxical use of multiple carbon sources is likely due to Mtb's ability to 

simultaneously co-catabolize multiple substrates using compartmentalized pathways (72). In 

many bacteria, catabolite repression systems ensure the use of a single preferred carbon 

source until it is exhausted. In contrast, Mtb does not have this regulatory system and 

optimal growth requires the co-catabolism of multiple carbon sources that independently 

provide glycolytic substrates and acetyl CoA (72). One can speculate that Mtb's metabolic 

network is adapted to growth in an environment that is replete with multiple carbon sources. 

Indeed, the loss of catabolite repression in Pseudomonas aeruginosa strains from isolated 

from longstanding lung infection suggests that this may be a common adaptation to chronic 

infection (73). The simultaneous requirement for multiple carbon sources could reflect the 

compartmentalization of catabolic pathways that has been described using stable isotope 

tracing studies under in vitro growth conditions (34,72). If more compartments exist in the 

host, different carbon sources might fulfill essential and nonredundant roles.
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This compartmentalized co-catabolic metabolic model implies that even subtle differences 

in the relative abundance of multiple substrates could alter the metabolic state of the 

bacterium and influence antibiotic efficacy. The most obvious consequence of this model is 

that compounds targeting a specific carbon catabolic pathway may only be active under 

certain host microenvironments where the inhibited pathway is favored. In addition, 

secondar effects of metabolic pathway usage have been shown to dramatically affect drug 

efficacy in vitro. In particular, many high throughput drug screening efforts used standard 

laboratory media containing high concentrations of glycerol. The most active compounds 

found in these screens only killed bacteria that have accumulated methylglyoxal via glycerol 

catabolism and were inactive in infection models. Subsequent comparative whole cell 

screening in glycerol or acetate based media revealed that approximately 10% of all 

compound hits had greater activity in glycerol containing media (74).

The complexity of carbon metabolism might be exploited to enhance therapy, as we are 

learning that interfering with different enzymatic steps in a pathway can have significantly 

different effects. The cholesterol catabolic pathway provides a clear example. While the 

inability to import cholesterol has only a modest effect on bacterial survival in the mouse 

model (70), mutation of at least three different steps in the catabolic pathway result in the 

generation of toxic metabolic products and much more profound bacterial growth defects 

(75-78). Many of our most effective bacteriocidal antibiotics act by inducing similar toxic 

products, such as reactive oxygen species (63), truncated peptides (79), or lethal 

protein:DNA complexes (80). Unfortunately, these toxicities are difficult to predict a priori, 

and instead require a thorough understanding of the inhibited pathway.

Micronutrient acquisition and homeostasis

Alterations in the availability and metabolism of a variety of micronutrients during infection 

can also have profound effects on Mtb physiology. While Mtb is prototrophic for most 

vitamins and cofactors, two classes of micronutrient have received a great deal of attention, 

vitamin B12 and metal ions.

Mtb expresses a discrete set of B12-dependent enzymes, which are involved in 

ribonucleotide reduction, methionine synthesis and central carbon metabolism. While Mtb 

also expresses B12-independent enzymes to fulfill the first two functions, the 

methylmalonyl pathway that allows the assimilation of the three carbon unit, propionyl 

CoA, into the TCA cycle cannot be performed in the absence of B12. This pathway is 

particularly important for bacterial growth on cholesterol or odd-chain fatty acids, as the 

catabolism of these substrates can produce toxic levels of propionyl CoA (81,82).

The source of B12 during infection remains enigmatic. The Mtb genome encodes an 

apparently complete B12 synthetic pathway and a transporter dedicated to B12 acquisition 

(81,83) The bacterium does not produce its own B12 in vitro and, under these conditions, 

the cofactor-dependent pathways are completely reliant on the addition of exogenous B12 

(81). It remains unclear if a currently unknown cue encountered during infection can 

stimulate bacterial B12 production or, alternatively, if the bacterium can scavenge this 

compound from the host. Regardless, the ability to experimentally alter B12 availability in 
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vitro demonstrates how the concentration of this single cofactor can profoundly alter the 

metabolic state of the bacterium.

A second class of critical cofactor, metal ions, represents an even more complicated 

homeostatic challenge for the bacterium. Like all bacteria, Mtb expresses a range of 

metalloproteins that rely on the coordination of divalent metal ions for their activity. The 

acquisition of adequate amounts of these micronutrients is essential for a variety of cellular 

functions, and is particularly important for respiration and oxidative stress resistance. 

However, the accumulation of unbound metal ions can be lethal to the cell, both directly by 

disrupting the proper maturation of metalloproteins and indirectly by accentuating the 

toxicity of reactive oxygen species (84). This latter effect is mediated by the Fenton 

reaction, in which the conversion of moderately toxic peroxides to extremely potent 

hydroxyl radicals is catalyzed by free Fe2+ or Cu2+ (84).

Due to the potent effects of alterations in metal ion concentrations, both the host and 

pathogen actively manipulate the availability of free metal ions. Upon recognition of 

infection, mammals produce a host of metal scavenging proteins that effectively starve many 

microorganisms for essential nutrients, such as iron and zinc (85). Successful pathogens 

counter this strategy by the expression of high affinity metal scavenging systems. Mtb, as a 

highly adapted human pathogen, effectively competes with the host for iron, through the 

coordinated use of free iron (86,87) and heme uptake systems (88).

While the sequestration of metals has been recognized as a mechanism of host defense for 

decades, more recent work suggests that mammals might also use metal toxicity to their 

advantage. In particular, phagocytes might actively transport metals, such as Cu2+ and Zn2+, 

into the phagolysosome to enhance microbial killing (89,90). This intriguing hypothesis is 

supported by indirect measurements of zinc and copper concentrations in the Mtb 

phagosome (91) and the reported requirement for P-type ATPases that efflux metal ions for 

bacterial adaptation to these conditions (89,90,92). Iron chelating proteins, such as 

bacteroferritin and hemoglobin homologs, could provide an additional level of defense for 

the pathogen. However, this model should still be regarded with some skepticism, as direct 

measurements of metal concentrations in the mycobacterial phagosome are technically 

challenging and the specific roles of metal efflux systems are still being defined. For 

example, the CtpC protein of Mtb that was originally defined as a zinc detoxification system 

has more recently been found to play an additional role in metalloprotein biogenesis (93).

While our understanding of metal homeostasis in Mtb is still evolving, the potential 

contribution of this process to drug efficacy is undeniable. Many existing TB therapeutics 

induce a respiratory burst in the bacterium (62) that could be significantly potentiated by 

free metal ions that are capable of catalyzing the Fenton reaction. Thus, altered metal 

homeostasis in distinct host microenvironments might contribute to differential antibiotic 

efficacy, and the manipulation of Fe or Cu concentrations could be manipulated to 

accentuate ROS-mediated antibiotic toxicity.
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Efflux systems

Drug efflux is now understood to be a major factor limiting TB chemotherapy. M. 

tuberculosis expresses efflux systems belonging to all recognized protein families, including 

the ATP driven ABC transporter family, and more diverse pumps driven by symport or 

antiport [small multidrug resistance (SMR), resistance nodulation division (RND), and 

major facilitator superfamily (MFS)]. The expression of these pumps is induced by drug 

exposure and recognized to limit the effect of a wide variety of antimycobacterial drugs 

during in vitro exposure, including INH, RIF, fluoroquinolones, aminoglycosides, and BDQ. 

In vitro studies suggest that multiple efflux systems in the MFS and ABC families may both 

contribute to fluoroquinolone-resistance (94).

While generally considered only in the context of drug resistance, these promiscuous efflux 

systems are universally produced by prokaryotes and have roles in xenobiotic resistance, 

secretion, and cell wall homeostasis (95). Thus, it is not surprising that efflux systems are 

induced to promote survival in the relatively hostile host environment, and these same 

pumps can act on antibiotics and alter treatment efficacy. This effect has been shown most 

clearly for the MFS pump encoded by the Rv1258 gene of Mtb. This protein is induced 

during intracellular residence and reduces the efficacy of RIF (96). Unfortunately, the lack 

of targeted specificity and the redundancy of these pumps in conjunction with their dynamic 

regulation makes their contribution to drug efficacy difficult to assess and even harder to 

overcome. Broad-spectrum efflux inhibitors, such as verapamil, could produce adjunctive 

effects and have shown some limited efficacy in the mouse model of TB. Clinical trials will 

be necessary to test the practicality of this strategy.

Caveats and future directions

Since the physiology of Mtb during human infection is difficult to probe directly, much of 

the insight discussed above is inferred from the behavior of bacteria in non-human infection 

models. The general caveats of these studies and strategies to relate these observations to 

human TB warrant discussion.

The strategies used to report on bacterial physiology in vivo are focused on delineating the 

genes or pathways that are differentially utilized between in vitro cultivation and infection 

models. Initial studies used gene expression levels as a surrogate for the importance of any 

specific gene (68,97). While important insights have been derived from these studies, the 

correlation between transcriptional induction of a gene and its contribution to the growth or 

survival of the bacterium is remarkably poor in bacteria including Mtb (35,98). This 

observation, in conjunction with the availability of high-throughput genetic methods, has 

made differential gene essentiality the most commonly used reporter of pathway usage in 

vivo.

A number of groups have performed genome-wide screens to identify genes that are 

specifically required for bacterial growth in many of the infection models described above. 

The methods for detecting the altered fitness of a single insertional mutant in a large pool 

have become very robust and quantitative, and these studies now provide virtually 

comprehensive data on the relative contribution of all viable loss-of-function mutants under 
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a specific condition. One global observation from these studies warrants mention. Despite 

the sensitivity of these techniques and the variety of infection models that have been 

investigated, a disruption of a significant fraction of the genome does not appear to cause a 

detectable growth defect (unpublished data). This comes as something of a surprise. The 

only significant niche that has contributed significantly to recent Mtb evolution is the human 

lung, and the reductive evolution of the M. leprae genome indicates that genes are rapidly 

lost from the genome if they do not confer a selective advantage (99). Based on this 

reasoning, one would predict that the vast majority of Mtb's genes contribute to bacterial 

fitness in at least one host microenvironment. Experience from genetic interaction studies in 

both Mtb and E. coli indicate a significant degree of functional redundancy is encoded in 

bacterial genomes, and Mtb encodes several large families of highly homologous genes. 

However, redundancy alone is unlikely to fully explain these observations. Instead, it is 

reasonable to conclude that a relatively large number of Mtb genes contribute to stages of 

the Mtb lifecycle that either affect a relatively small proportion of the bacterial population or 

are simply not recapitulated in our common infection models.

The potential for these large-scale studies to be confounded by environmental heterogeneity 

argues for methods that report on the environment of individual cells. Fluorescent 

transcriptional fusions have been used for this purpose (100). However, the complexity of 

transcriptional responses often makes these studies difficult to interpret in the absence of 

direct reporters of metabolite levels or physiological state. Tools to measure critical aspects 

of bacterial metabolism, such as redox state and ATP levels, have been developed and 

promise to close this critical gap (101-103). The application of these new methods in models 

that include nonhuman primates will be necessary to truly understand bacterial physiology 

during human infection.

Translating insight into drugs

Target-based antibacterial drug discovery

The advent of whole genome sequencing and high-throughput genetic analysis has provided 

a wealth of potential drug targets over the past 15 years. However, translating this 

information into effective inhibitors remains a challenge. The experience of 

GlaxoSmithKline (GSK) is an informative example. This company pursued 70 high-

throughput screening (HTS) campaigns against a variety of individual bacterial targets and 

complete biochemical pathways using an extensive chemical collection (104). This effort 

yielded only five lead compounds with whole cell activity. This experience was mirrored at 

other organizations with the more than 125 antibacterial screens on 60 individual targets 

yielding no candidates for further development (105). These disappointing results have been 

extensively reviewed elsewhere (104,105) and are supported by a smaller sample of 

experiences from Mtb. For example, the isocitrate lyases are key glyoxylate-shunt pathway 

enzymes that are essential for intracellular growth (106) and are absent from in mammalian 

cells. Despite the biological attractiveness of this target and a great deal of effort, effective 

inhibitors have not been described and the isocitrate lyases have been deemed ‘undruggable’ 

(107).
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As a result of these experiences, most current drug development efforts begin with whole 

cell (‘phenotypic’) screening to identify lead compounds that show some activity against 

intact cells, only to subsequently discover their mechanism of action. Given these realities of 

drug development, how can we translate the knowledge of Mtb physiology described above 

into more effective therapies? Two very different approaches are currently being pursued to 

accomplish this goal.

Screen for compounds that are active under conditions that mimic infection Since most of 

our current drugs were optimized to kill rapidly growing bacteria in axenic culture, the 

relative inefficacy of TB drugs during infection might be due to the preselection of 

compounds that target a metabolic state that is not reflective of the in vivo condition. Taking 

advantage of what we know about Mtb metabolism during infection might lead to screens 

for more effective compounds. Indeed, PZA, among the most potent sterilizing TB drugs, 

has little activity under standard culture conditions and would likely be discarded in modern 

drug development programs. However, PZA is bacteriocidal in the low pH conditions like 

those encountered during infection. This example supports the concept of performing drug 

screening under more “host like” conditions.

Unfortunately, the complexity and heterogeneity of stresses experienced by Mtb during 

infection (108-118) makes the design of relevant screening conditions a major challenge. 

One approach is to combine multiple conditions (119). They performed HTS under a 

combined stress condition consisting of hypoxia, low pH, NO stress and short chain fatty 

acids as a carbon source. Among the compounds they identified was oxyphenbutazone 

(OPB), a commonly used nonsteroidal anti-inflammatory drug, which was transformed by 

these conditions into a metabolite that effectively killed non-replicating Mtb (119). The 

active anti-mycobacterial form of OPB, 4-OH-OPB, is produced under mild acid treatment 

and upon exposure to RNIs. 4-OH-OBP accumulates rapidly in non-replicating Mtb and 

depletes flavins, compromising many enzymatic reactions. OPB is not usable in the mouse 

model due to specific drug metabolism in this species; however, the current use of OBP in 

clinical settings will facilitate trials that could promote the inclusion of this NSAID with 

current treatment (119). While the ultimate utility of OBP in TB treatment remains to be 

determined, this example suggests not only that it is possible to identify compounds that 

effectively kill nonreplicating bacteria, but also that small molecules have vastly different 

effects under different conditions.

To mitigate the uncertainty in the design of physiologically relevant in vitro screening 

conditions, some have turned to screening directly in simple infection models. Infection of a 

macrophage cell line with mycobacteria constitutively expressing green fluorescent protein 

(GFP) formed the basis for the first Mtb screen of this kind (33). Using quantitative 

fluorescence microscopy, the authors were able to quantify bacterial replication during 

treatment with a small molecule library and identified many active compounds including 

dinitrobenzamide derivatives (DNB). DNB derivatives DNB1 and DNB2 are particularly 

potent with MICs of 200 nM against Mtb. Further testing of the DNB series revealed that the 

nitro groups necessary for anitmycobacterial action are rapidly reduced by mammalian liver 

enzymes (33), potentially limiting the potency of these compounds in vivo. A modification 

of this intracellular survival screen to include an initial in vitro test of mycobacteria survival 
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using a resazurin reduction assay, then an intracellular GFP-based survival screen with 

selected compounds unveiled four compounds with apparent anti-mycobacterial activity 

(120). Even more complex models, such as intact zebrafish embryos (32), have been 

proposed or screening.

Despite these early successes, it remains unclear whether simple infection models such as 

these mimic the environment(s) that could harbor the most relevant populations of bacteria 

in vivo. The relative value of each model will become clear as compounds derived from 

these screens are developed and tested in additional systems.

Pathway-directed whole cell screens

As described above, distinct biochemical pathways are used during infection. Would 

targeting these pathways, using genetically engineered strains that are specifically 

sensitized, yield more efficacious drugs? In many organisms including Mtb, reducing the 

expression level of an essential gene will increase a cell's sensitivity to inhibitors that act, 

directly or indirectly, on the same biochemical pathway (121). This differential screening 

approach has several advantages. Most notably, small molecules can be directly identified 

that act on intact cells and are likely to target a pathway that is known to be important for 

infection. In addition, the increased sensitivity of hypomorphic strains might make it 

possible to identify lead compounds with weak activity that would not be apparent in a 

standard whole cell screen. This general strategy has been used in a variety of systems, 

ranging from zebrafish (122) to bacteria (123-127), and has been successful in identifying a 

number of new antifungal leads (128).

This approach has been applied to mycobacteria, a feat made possible in large part by 

exquisitely tunable tetracycline-based conditional gene expression systems (129,130). 

Abrahams et al. (123) probed three distinct pathways with this approach, pantothenate and 

lysine synthesis, and the glyoxylate shunt; through the regulated expression of pantothenate 

synthetase (panC), diaminopimelate decarboxylase (lysA), and isocitrate lyase (icl1). Novel 

inhibitors of PanC were identified. In addition, flavones were isolated from this screen did 

not inhibit the biochemcial activity of PanC in vitro but were still preferentially inhibited the 

growth of PanC hypomorphic strains, implying that these compounds act on an alternate 

target(s) in this pathway. Thus, this approach appears to enable the identification of 

compounds that act directly targets and indirectly against components of a specific pathway.

Other types of genetically engineered reporter strains can be used to identify whole cell-

active compounds that inhibit specific cellular functions thought to be important during 

infection. For example, Mtb is exposed to an acidic environment in the phagosome and pH 

sensitive mutants are attenuated for virulence (111, 131). To identify pathways required for 

intra-bacterial pH homeostasis, a pH-sensitive, ratiometric GFP was adapted to Mtb (131). 

The fluorescent bacilli were incubated with compounds from a natural product library under 

acidic conditions to find those that killed by disrupting pH homeostasis. In this strain, PZA 

in acidic culture conditions directly lowered intrabacterial pH (131), providing information 

about the mechanism of cidal activity of PZA and suggesting that this screen could be used 

to isolate compounds with similar activity. One of the validated hits from this screen, 

agrimophol, is bactericidal at both acidic and neutral pH, suggesting multiple possible 
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mechanisms of action. The increasing ease with which hypomorphic mutants and other 

reporter strains can be developed suggests that these types of targeted whole cell screens 

will become ever more useful.

In sum, the integration of biological insight and drug development is not straightforward. 

The future development of additional antibacterial agents effective against the many 

metabolic states of Mtb during human infection requires integration of acquired knowledge 

about the localized microenvironments encountered during infection, and the design of drug 

development paradigms to target the specific combination of pathways that are required in 

each. The value of each approach toward this integration will become clear only when 

compounds are identified and optimized such that they can be tested in preclinical and 

clinical studies.

Can we exploit drug synergies to improve therapy?

In a perfect world, a single drug could be used to rapidly eradicate Mtb from all host 

microenvironments. In reality, multidrug therapy is universally used to treat TB, and it is 

clear that the effect of a regimen is not merely the sum of its parts. Instead, these drugs 

interact with each other and the host in ways that can either accentuate or minimize their 

ultimate effect. Current regimens were assembled from a small number of existing drugs and 

designed based on clinical experience. In the next section, we will explore whether drug 

synergies can be more actively identified and exploited to improve therapy. Three types of 

synergy will be discussed here: ‘classical synergy’ where compounds inhibit functionally 

redundant bacterial targets, ‘physiological synergy’ where compounds preferentially act on 

distinct metabolic states of the bacterium, and ‘host-pathogen synergy’ in which a host-

directed drug accentuates the activity of a standard anti-bacterial (Fig. 2).

Classical synergy

Synergy is a fundamental concept in genetics, as the effect of inhibiting most genes can be 

buffered by the action of others. This effect can be explained by a variety of mechanisms, 

including the presence of chaperones that promote the function of inhibited genes, partially 

redundant enzymatic activities, or bypass pathways. Instead of being a rare curiosity, 

genome-wide studies in yeast indicate that ~40% of genes are functionally buffered by at 

least one other (132). The practical result of this functional architecture is that the effect of 

inhibiting a gene product can often be potentiated by the simultaneous inhibition of a 

buffering activity.

This effect has been exploited in a handful of cases to potentiate antibacterial therapy. Most 

notably, the mixture of the bacteriostatic folate inhibitors trimethoprim and 

sulfamethoxazole (TMP-SMX) produces a synergistic bacteriocidal effect, and these drugs 

are often co-administered. In fact, sensitivity to this combination has been demonstrated for 

multiple clinical isolates of Mtb despite the low activity of TMP alone (133). While reports 

reveal widely varying responses to TMP and SMX, alone and in combination (134), some 

drug resistant strains appear to be susceptible to TMP –SMX.
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In another example of this classical type of synergy, the addition of a β-lactamase inhibitor, 

such as clavulanate, can potentiate the activity of β-lactam antibiotics by preventing their 

inactivation. The combination of clavulanate and meropenem is highly bactericidal in vitro 

against Mtb, and this combination proved efficacious in accelerating the clearance of 

bacteria from sputum when combined with linezolid-containing regimens for MDR and 

XDR-TB patients (135).

While these individual synergies may prove useful, strategies to directly identify new 

synergistic compounds could be much more exciting in the long term. A concerted effort to 

identify these synergies in Mtb has not been reported, but directed phenotypic screens have 

been successfully used to search or useful synergies between antimalarial compounds. For 

example, chloroquine (CQ) resistance in Plasmodium falciparum, based on drug efflux, 

resulted in the removal of this antimalarial from front-line chemotherapy in the 1990s (136). 

A simple combination screen utilizing fluorescently tagged CQ and a small molecule library 

of inhibitors yielded chemosensitizing agents that enable CQ uptake by blocking drug efflux 

pumps and by facilitating the entry through an unknown mechanism, enabling the necessary 

intracellular accumulation of the compound for killing (136).

Both chemical and genetic approaches have been used to exploit synergies in staphylococci. 

Methicillin-resistant strains of S. aureus (MRSA) rely on an alternative peptidoglycan 

transpeptidase activity to grow in the presence of β-lactam antibiotics. To identify strategies 

to re-sensitize these strains to β-lactams, chemical screens have been used to identify a 

number of PG inhibitors that act synergistically with β-lactams (137). A more biologically 

informative approach to this problem employed a genetic screen using an antisense library 

of essential gene knockdowns in MRSA (138). Inhibition of several components of the 

peptidoglycan synthetic pathway, as well as unexpected components of the cell division 

machinery including FtsZ, was found to increase susceptibility to oxacillin. Since such a 

large number of sensitizing mutations were found using this high-throughput approach, tool 

compounds were available to test the efficacy of synergistic therapy. When combined with 

oxacillin, the FtsZ inhibitor PC190723 displayed strong synergy in vitro and in vivo using a 

murine model of deep tissue MRSA infection. The identification of this type of synergistic 

interaction could overcome the phenotypic buffering inherent in all biological systems, 

which likely limits the efficacy of many, if not most, antibiotics.

Synergistic targeting of multiple physiological states

Using drugs that target distinct metabolic states likely underlies the increased efficacy of 

combination therapy (139,140). INH is thought to rapidly kill replicating bacteria, while RIF 

and PZA target slowly- or non-replicating populations. Entirely new regimens that could 

overcome resistance to the standard drug regimen are under development. By defining the 

mechanism of action of new drugs, in conjunction with a more detailed understanding of 

diverse bacterial physiologic statesin vivo, it may be possible rationally design regimens that 

are even more effective.

An early example of this strategy involves an new regimen that includes the bicyclic 

nitroimidazole compound, PA-824, that is active against both replicating and oxygen-

starved nonreplicating bacteria (141). A combination of PA-824, moxifloxicain, and PZA 
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significantly shortened treatment in mice, when compared to the standard RIF/INH/PZA 

combination (142). The combination was validated in an early bactericidal activity (EBA) 

study in human patient sputum that compared BDQ, BDQ-PZA, PA-824-PZA, BDQ-

PA-824, PA-824-MXF-PZA, or standard therapy (143). The 14-day EBA of PA-824-MXF-

PZA, was comparable with standard treatment, providing initial evidence of clinical 

efficacy. It remains unclear whether this type of EBA study truly samples the diversity of 

bacterial states that need to be eradicated to cure an infection. Only longer term clinical 

trials that using relapse as an endpoint will truly determine if such a new regimen is 

effective against the bacterial subpopulations that are the most relevant to bacterial 

persistence during drug therapy. However, the generation of regimens that target distinct 

bacterial states promises both to improve therapy and could be used to probe the bacterial 

subpopulations that are critical for cure in humans.

Host/bacteria synergy

Mtb has co-evolved with the human host to exist in an uneasy homeostasis. The majority of 

individuals can contain the infection in an asymptomatic state. In fact, recent evidence from 

nonhuman primate models (18) confirms the inference from human autopsy studies (16) that 

many human TB lesions are effectively sterilized by the immune response. The ability of 

most individuals to resist Mtb infection implies that it might be possible to coax the immune 

system to protect those individuals that are more prone to disease. This strategy to inhibit 

pathogen survival by modifying the host pathways has proven useful in the treatment of 

viral pathogens such as hepatitis C (HCV). Treatment with Peginterferon plus ribavirin is 

standard for chronic HCV infection, because this combination of host-directed and virus-

directed inhibitors enhances viral clearance (144). However, this approach is a relatively 

untapped therapeutic avenue for bacterial infections.

The possibility of host-directed therapy (HDT) for TB is the topic of a great deal of current 

interest and a wide variety of compounds have been proposed for investigation, including 

modulators of immunity, ion channels, kinase cascades, inflammation, autophagy, and lipid 

metabolism (145-149). This topic has been the subject of several excellent reviews. 

However, it seems unlikely that any HDT will be used in the absence of direct antimicrobial 

therapy, and in the context of this review, we will concentrate on the potential for synergy 

between host- and bacteria-targeted compounds. In particular, HDTs could be exploited to 

increase antibiotic penetration in lesions, to change the local environment to enhance 

antibiotic action, and to accelerate the sterilizing activity of the host immune response. 

Below, we discuss the general mechanisms by which HDTs could enhance therapy, and then 

relate these mechanisms with examples of possible strategies to exploit host-pathogen 

synergies.

Enhancing antibiotic exposure

While the pharmacokinetic behavior of drugs is generally measured in the plasma, antibiotic 

activity depends upon local concentration. If a therapeutic concentration is not reached at the 

site of infection, the bacteria will be exposed to sub-inhibitory doses that are both ineffective 

and can select for drug-resistant variants (150). Active human TB disease manifests with a 

variety of lesion types including activated cellular granuloma, necrotic and caseous 
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granulomas and fibrotic cavities (151). During treatment, administered compounds need to 

penetrate these variably vascularized tissues to reach the bacilli and the ability to do so 

likely varies according to the chemical composition of each inhibitor. Early studies to 

measure drug penetration of TB lesions at the macroscopic level concluded the granuloma 

did not limit exposure to INH (69). However, contemporary high resolution studies of 

lesional pharmacokinetics present a starkly different picture.

Many drugs, such as RIF, INH, and PZA, are present in lower abundance in tissue than in 

plasma (151). MXF, a very effective second line agent, exhibits a significantly higher tissue 

to plasma concentration ratio, suggesting that the effective penetration of this compound into 

infected environments may account for some of its success as an anti-mycobacterial. Indeed, 

the use of Matric-assisted laser desorption/ionization-multi-reaction monitoring-mass 

spectrometry imaging (MALDI-MRM-MSI) which is used for spatially resolving drug 

concentrations at a microscopic level within tissue, revealed accumulation of MXF in 

granulomas in infected rabbit lungs (152). Even within granulomas, variation in 

concentration was observed. Cellular areas had the highest levels while areas of necrotic 

caseum had the lowest. Differential penetration is a property shared by RIF, which 

accumulates in uninfected tissue but is reduced in granulomas (4).

The concentration of drugs in different anatomical locations might also provide a partial 

explanation for the remarkably high rates at which drug resistant isolates emerge during 

combination therapy. If bacteria were exposed to all four drugs in the standard regimen 

simultaneously, the emergence of a clone spontaneously resistant to all four should be 

vanishingly rare. Unfortunately, MDR strains emerge even in populations where directly 

observed therapy programs ensure treatment compliance. The uneven distribution of these 

drugs in a single lesion suggest that individual bacteria may not be exposed to inhibitory 

concentrations of all four drugs, allowing the sequential selection of resistance to each drug.

These observations indicate antibiotic penetration into the TB lesion could be a significant 

limitation to therapy. Fortunately, several of the immunological mediators involved in the 

formation and maintenance of the granuloma are known (see below), suggesting strategies to 

disrupt the structures that limit antibiotic exposure.

Altering bacterial state

As discussed above, a primary factor that is thought to limit antibiotic efficacy in vivo is the 

altered growth rate and physiological state of the bacterium during infection. Reversing 

these metabolic adaptations can dramatically enhance antibacterial efficacy (45). As the 

metabolism of the pathogen is largely dictated by the local host microenvironment and 

immune pressures, it is reasonable to assume that the modulation of host immunity could 

likewise return the bacterium to a relatively drug sensitive state that resembles the in vitro 

conditions under which our antibiotics were initially optimized. Some evidence in favor of 

this strategy can be gleaned from animal models. For example, treatment of 

immunocompromised gamma interferon-deficient mice results in faster initial clearance of 

bacteria than animals with an intact immune system (153). This represents a useful proof of 

the concept. However, it is unlikely that overt immunosuppression will be beneficial. 
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Immunosuppression of previously antibiotic-treated animals can induce a recurrence of 

disease, indicating that the immune system is important for preventing relapse (154). The 

high rate of TB treatment failure in HIV-infected humans is also consistent with an 

important role for host immunity in the ultimate eradication of Mtb infection (155). Thus, 

specific modulation of immunity without overt immunosuppression may be necessary to 

augment bacterial clearance by antibiotics without inhibiting the ultimate eradication of the 

pathogen.

Examples of host-pathogen synergy

While many HDTs have been proposed based on our general understanding of disease, only 

a few have been investigated in the context of simultaneous antimicrobial therapy. Most of 

the compounds that have been tested thus far are immunomodulators that can act to increase 

bacterial killing and/or ameliorate pathology.

The cytokine tumor necrosis factor (TNF) is critical for granuloma formation in response to 

a wide variety of insults, including Mtb infection (156,157). Inhibition of TNF with the 

small molecule phosphodiesterase IV inhibitor, CC-3052 (158), or the soluble TNF receptor, 

etanercept (159), leads to the disruption of granuloma architecture in murine, rabbit, and 

non-human primate models of TB, an activity that could explain the ability of TNF 

antagonists to modestly increase the efficacy of antimicrobial therapy and decrease relapse 

in rabbits (158). The increased rate of bacterial clearance from sputum in HIV/TB 

coinfected patients treated with etanercept in conjunction with standard therapy indicates a 

similar effect in humans (160). It is currently unclear if the apparent synergy with 

antimicrobials is a result of alterations in drug access or microbial metabolism, but this 

important question could be addressed by quantifying the lesional pharmacokinetics in 

treated animals.

Even commonly used nonsteroidal anti-inflammatories (NSAID) have been found to 

enhance antibiotic therapy in animal models. Diclofenac synergizes with streptomycin 

therapy (161), and both aspirin and ibuprofen enhance the bacteriocidal effect of PZA (162). 

The mechanisms that underlie these effects are unknown and involve more than just 

enhancement of antibiotic action, as ibuprofen or aspirin alone can reduce bacterial burden 

in highly susceptible mice (163). The primary effects of these drugs on eicosanoid balances 

represents a likely mechanism, as low doses of aspirin, which are not generally anti-

inflammatory but can induce lipoxin production, are sufficient for synergy (162).

In addition to these attempts to accentuate bacterial killing, similar immunomodulators are 

used to alleviate acute pathology. For example, corticosteroid therapy is often used in the 

context of TB meningitis. An additional possible target for intervention is the long-term lung 

damage, fibrosis, and pulmonary hypertension caused by previous TB disease. Lung 

function has been shown to decrease with each episode of TB, with the percentage of 

subjects with chronic airflow impairment increasing from 18.4% in those with one episode, 

to 27.1% and 35.2% in those with two or three episodes of tuberculosis (164). In fact, if the 

burden of well-treated TB is calculated in terms of disability adjusted life years (DALY), 

chronic pulmonary impairment accounts for 75% of the burden, with years of life lost and 
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acute disease accounting for only 25%. The extent of long-term lung damage is at least in 

part determined by host genetics, as a polymorphism that causes high production of the 

inflammatory cytokine IL-1β is associated with persistent disease, as measured by 

quantitative tomography (165). A greater understanding of the immunological mediators that 

lead to these pathologies should indicate additional targets that can be modulated to prevent 

long-term pulmonary impairment.

These initial forays into host/pathogen synergies may or may not translate into useful new 

therapies. However, a wide variety of immunomodulators are currently in clinical trials or 

approved for other indications, which could allow the clinical utility of this approach to be 

tested relatively rapidly if the resources necessary for these studies were available.

Summary and future directions

The advent of tuberculosis chemotherapy six decades ago was a miraculous success, turning 

a disease with a 50% mortality rate into an almost uniformly curable condition. In 

conjunction with rigorous public health measures, these TB treatments have largely erased 

this disease from the developed world. However, TB therapy has changed little over the past 

decades. The long duration of the antibiotic regimen, in conjunction with drug resistance and 

co-morbidities such as HIV and diabetes, has greatly hampered our ability to control TB 

throughout much of the world. While the lack of continued drug development efforts over 

past decades has certainly contributed to the stagnation in TB therapeutic strategies, recent 

intensive effort has also failed to produce radically more effective drugs. It could be argued 

that our inability to improve TB therapy is primarily due to our lack of understanding the 

fundamental biology that underlies TB pathogenesis and antibiotic efficacy in vivo.

While TB drug design lagged for several decades, this period also represented a renaissance 

in TB biology that witnessed the development of sophisticated mycobacterial genetics, a 

wealth of animal models, and fundamental immunological insight. If we are to take practical 

advantage of this information to improve therapy we must close the gaps in our biological 

understanding of the disease and translate this insight into new drugs

We are challenged to understand the host and pathogen physiological factors that determine 

antibiotic efficacy in vivo. As described above, this work is well underway. We remain 

limited, as our most experimentally tractable animal model, the mouse, might not reproduce 

the wide variety of disease states observed in human patients. This single animal model 

produced the vast majority of biological insight into TB biology, and represents the most 

practical preclinical model for new therapies. However, significant immunological 

differences exist between rodents and primates (166, 167), leading some researchers to 

advocate against testing new drugs in small animal preclinical models of TB. Others argue 

that the activity of our current drugs in the standard C57BL/6 mouse model largely predicts 

their sterilizing activity in humans (168), and while the model is not perfect, it is predictive 

in the context of antibiotic development. However, a more nuanced view could incorporate 

the diversity of disease states that are observed in different strains of mice. While no single 

animal produces the diversity of disease observed in primates, different genotypes develop a 

wide variety of pathologies. A dedicated effort to compare the immunological environment 

Baer et al. Page 19

Immunol Rev. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and bacterial physiological state in diverse animal models with those observed in lesions of 

humans or non-human primates could transform our ability to mechanistically dissect 

disease progression and test drug activity in relevant host microenvironments.

While challenges exist, these should not dampen our optimism. In virtually any other realm 

of medicine, increased biological understanding of a disease affords additional therapeutic 

opportunities. There is no reason that antibacterial development should not follow this same 

path. Many prospects exist for novel chemotherapeutics that will improve TB drug therapy.
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Fig. 1. Macrophages, B cells, and T cells surround a necrotic, caseous center in Mtb lesions
Mtb experiences a wide variety of changing stresses in the various lesion 

microenvironments, including altered pH (169), oxygen tension (26) and iron availability 

(170). In addition, the lesional penetration of standard first-line antibiotics varies greatly, 

exposing the bacteria to range of drug concentrations (4). Resulting changes in bacterial 

physiology lead to a mixed mycobacteria population in a variety of metabolic states, 

complicating treatment.
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Fig. 2. The three types of synergy offer opportunities for novel approaches to anti-mycobacterial 
therapies
Classical synergy between two compounds occurs when multiple pathways are targeted 

simultaneously. Physiological synergy involves combination therapy with compounds that 

target different metabolic states. Host-pathogen synergy involves altering bacterial exposure 

to antibiotics by inhibiting host pathways that limit localized concentration, such as efflux 

pumps.

Baer et al. Page 32

Immunol Rev. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


