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Summary

Our understanding of the host-pathogen relationship in tuberculosis can help guide tuberculosis 

(TB) drug discovery in at least two ways. First, the recognition that host immunopathology affects 

lesional TB drug distribution means that pharmacokinetic evaluation of drug candidates needs to 

move beyond measurements of drug levels in blood, whole lungs or alveolar epithelial lining fluid 

to include measurements in specific types of lesions. Second, by restricting the replication of M. 

tuberculosis (Mtb) subpopulations in latent TB infection and in active disease, the host immune 

response puts Mtb into a state associated with phenotypic tolerance to TB drugs selected for their 

activity against replicating Mtb. This has spurred a major effort to conduct high throughput 

screens in vitro for compounds that can kill Mtb when it is replicating slowly if at all. Each 

condition used in vitro to slow Mtb’s replication and thereby model the phenotypically drug-

tolerant state has advantages and disadvantages. Lead candidates emerging from such in vitro 

studies face daunting challenges in the design of proof-of-concept studies in animal models. 

Moreover, some non-replicating subpopulations of Mtb fail to resume replication when plated on 

agar, although their viability is demonstrable by other means. There is as yet no widely replicated 

assay in which to screen compounds for their ability to kill this ‘viable but non-culturable’ 

subpopulation. Despite these hurdles, drugs that can kill slowly replicating or non-replicating Mtb 

may offer our best hope for treatment-shortening combination chemotherapy of TB.
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Introduction

The introduction to this volume explained why immunologists belong at the table of TB 

drug development, alongside microbiologists, medicinal chemists and pharmacologists. This 

chapter reflects how two scientists at the table view the impact of the host-pathogen 
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interaction on early stage TB drug discovery. One of us is an immunologist struggling to 

learn chemistry. The other is a chemist, whose own mental immune system has developed a 

degree of tolerance for immunology. We bring different disciplinary backgrounds to a 

shared goal, to understand the fundamentals of drug resistance in TB, how the host 

contributes to them, and how we can turn obstacle into opportunity.

Types of drug resistance in TB

In the following discussion, resistance to a drug is understood in an operational sense as 

non-susceptibility of the bacterium to the drug when susceptibility was expected in the 

context of an infected human host. There are three major determinants of drug resistance in 

TB: host factors, heritable bacterial factors and non-heritable (phenotypic) bacterial factors. 

The first and the third types, which include prominent influences of the host immune 

system, typically receive the least attention, but they play an enormous role.

Host-based drug resistance

TB drugs are used because they produced favorable outcomes in most of the people who 

took them during experimental trials. However, once the drugs enter clinical practice, host 

factors can contribute to poor outcomes in a substantial proportion of those who use them. 

Such host factors range from the behavioral—skipping doses or prematurely terminating 

treatment because the drugs have already made the patient feel better or because they make 

the patient feel worse—to the metabolic, such as catabolizing the drugs at different rates.

Host immunopathology can confer functional drug resistance by under-dosing certain 

anatomic regions in people who take their drugs as prescribed and metabolize them as 

expected. For example, some drugs fail to accumulate in caseous lesions (1). Others may 

accumulate to different degrees in pneumonitic areas or in the fibrous capsules surrounding 

caseous lesions. The ability of drugs to access the epithelial lining fluid and the 

pharmacokinetics of drugs in this site may also be important if understudied factors in 

determining their activity (2). These localized effects, which can operate at the macroscopic 

or microscopic scale within an organ, have been detected through the application of liquid 

chromatography-mass spectrometry to extracts of dissected lesions and the application of 

positional mass spectrometry imaging to frozen sections (1). The resultant heterogeneity of 

treatment effects is consistent with but not necessarily the same as what has been revealed 

by computerized tomography with and without positron emission tomography in patients 

and non-human primates (3). These and other studies have revealed markedly different 

responses from one TB lesion to another in the same individual receiving TB drugs 

systemically (3, 4). In short, the same host can have drug-responsive and drug-non-

responsive TB in the same organ at the same time, and in some cases, this may be due to the 

local nature of the host’s immunopathology.

Immunology has nothing to contribute to the behavioral factors that contribute to the failure 

of TB drugs and little to contribute to the metabolic ones. However, immunopathology is a 

major determinant of the intra-organ distribution and hence the efficacy of TB drugs. 

Reciprocally, drugs may affect immunopathology, given that release of immunostimulatory 

molecules from dying bacteria may activate tissue-damaging host pathways and release of 
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diffusible antigens may limit effective mycobacterial control. This basis of functional drug 

resistance provides a potential target for host-directed therapies. For example, modulation of 

immunopathology may result from agents that affect the amount of cyclic nucleotides (5), 

the profile of eicosanoids produced by host phagocytes and lymphocytes (6–8), or the action 

of matrix metalloproteinases (9).

Drug resistance attributable to heritable changes in mycobacteria

Although Mtb does not appear to exchange mobile genetic elements and has a relatively low 

rate of spontaneous genetic drift, the numbers of bacilli that can accumulate in a host with 

TB can include individual cells with spontaneous mutations at any locus that does not 

impose a major fitness cost. Each of the frontline TB drugs now in use is likely to be 

ineffective against at least one bacillus in a population of 108, whereas it is estimated that a 

tuberculous lung may contain 1013 Mtb. The mechanisms by which mutations confer 

resistance include diminished drug uptake or increased efflux, increased drug catabolism, 

decreased prodrug conversion to an active form, alteration or over-expression of a critical 

target, or expression of a compensatory pathway (10).

Heritable drug resistance in Mtb is not a problem to which immunology can offer much 

assistance, except in the sense that host-directed therapy is unlikely to fail on this basis and 

thereby offers a way around it. Drugs that act on the host rather than on the pathogen cannot 

encounter resistance based on the pathogen’s failure to accumulate the compound, activate 

it, over-express its target, and so on. Nonetheless, it remains possible that host-directed 

therapy could select for a pathogen in which mutation has either relieved dependence on the 

host pathway that the intervention inhibits or decreased susceptibility to a host pathway that 

the intervention augments.

Heritable drug resistance has an Achilles’ heel. It is highly unlikely that mutations 

conferring resistance to more than one drug will arise spontaneously in a single bacillus, 

unless one mutation upregulates efflux pump(s) that affect more than one drug. Combination 

chemotherapy with agents directed at different targets and subject to different efflux 

mechanisms should eradicate all the Mtb in given host, provided that host-based 

mechanisms of resistance do not stand in the way. Combination chemotherapy was 

introduced to the practice of medicine in the setting of TB treatment (11), from which it 

spread to the chemotherapy of cancer and HIV/AIDS. Without combination chemotherapy, 

the cure rate of TB would be near zero. With it, cure rates of 95% can be obtained.

However, combination chemotherapy has an Achilles’ heel as well. If a person is infected 

with a strain of Mtb that is already heritably resistant to all but one of the drugs in the 

combination and this is not appreciated when treatment begins, the resultant disease may be 

effectively subjected to monotherapy, encouraging the propagation of a strain that is 

heritably resistant to the last agent as well. Given that treatment is often imperfectly 

executed in resource-poor settings, it is hardly surprising that strains are now widespread 

that are heritably resistant to some, most or all of the existing drugs. Resistant isolates were 

already detected during a pre-approval clinical trial of an agent that was then approved by 

the FDA on the last day of 2012 (12). Without fundamental changes to treatment regimes as 
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they are actually executed in the field, it is predictable that heritable resistance will limit the 

effectiveness of any new combination of TB drugs within a few years of its introduction.

What needs to change? To answer this, we need to consider two phenomena collectively 

called phenotypic tolerance.

Non-heritable drug resistance (phenotypic tolerance)

What needs to change is the duration of treatment. To cure 95% of people with drug-

sensitive TB takes 6–8 months of directly observed therapy with multiple drugs that have 

significant side effects. Economics and human nature conspire to interrupt treatment, which 

allows spread of strains with heritable resistance. Shortening the duration of treatment 

should delay the spread of heritable resistance.

Why does treatment take so long? The same drug combinations that take 6 months to cure 

TB in people can eradicate Mtb in vitro in a few days. What happens in a host to allow Mtb 

to persist in the face of what should be cidal levels of anti-infectives? As already discussed, 

host-based factors like drug distribution may play a role. However, another hypothesis is 

that we are not using the right combination of drugs, based on the biology of the disease. At 

the root of this concern is the observation that culture conditions designed to mimic the host 

environment impose phenotypic tolerance in vitro to the present arsenal of TB drugs. Such 

conditions generate a state of phenotypic tolerance that was called ‘class 2’, because another 

form of non-heritable drug resistance had been described earlier (13). To set the stage for a 

detailed discussion of class 2 phenotypic tolerance, we need to review the origins of the 

concept of phenotypic tolerance in experiments that can, in retrospect, be understood to have 

identified phenotypic tolerance of class 1.

Class I phenotypic tolerance

Phenotypic tolerance to antibiotics, also called bacterial persistence, was first articulated by 

Bigger (14) when he exposed penicillin-sensitive Staphyloccus to penicillin and observed 

that a small proportion of the inoculum, about 1 in 106, survived. When the survivors were 

rescued by addition of penicillinase, expanded without penicillin, and then exposed to 

penicillin again, they succumbed in the same proportion as before (14). He concluded that 

survival of the few during the first exposure to penicillin experiment had not been due to 

their acquisition of heritable resistance.

Various species of bacteria have shown this behavior in response to different antibiotics, and 

diverse mechanisms appear to account for it. We now know that the size of the tolerant 

population can be genetically controlled, for example by toxin-antitoxin pairs (15), even 

though the basis of resistance to a given anti-infective is not based on mutation.

An influential study of bacterial persistence introduced the use of time-lapse 

photomicroscopy of bacteria in a microfluidic device, which allowed the investigators to 

follow the fate of individual bacteria. The few cells in a population of replicating 

Escherichia coli that survived perfusion with ampicillin were those that had been non-

replicating before the ampicillin was applied (16). For some years it was assumed that non-

replication accounted for all instances of the phenotypic tolerance displayed by a tiny 
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subpopulation of bacteria in a largely replicating population. However, another time-lapse 

photomicroscopy study of bacteria in a microfluidic chamber demonstrated that phenotypic 

tolerance to the prodrug isoniazid on the part of a few cells in a largely replicating 

population of Mtb was displayed by those cells in which expression of the activating 

enzyme catalase was stochastically extinguished before the isoniazid was applied (17). 

There was no difference in the replication rates of the drug-tolerant subpopulation and the 

drug-susceptible majority (17).

Subsequent studies have demonstrated that the association is variable between phenotypic 

tolerance of a subpopulation of bacteria in a largely replicating population, and the 

replication rate of the tolerant subpopulation (18, 19). There may be as many mechanisms 

for class I phenotypic tolerance as there are epigenetic, transcriptional, post-transcriptional, 

translational, and post-translational ways to mimic the changes afforded by heritable 

mutations (13).

The obvious therapeutic response to class I phenotypic tolerance is the same as the 

therapeutic response to heritable drug resistance: combination chemotherapy with drugs 

each of which can kill most of the population. To the degree that different subpopulations of 

bacteria manifest class I phenotypic tolerance to different drugs by different mechanisms, 

combinations of those drugs should kill all subpopulations.

If combination chemotherapy with currently approved drugs killed all Mtb subpopulations in 

patients as fast as seen in vitro with the drug concentrations achieved in vivo, then cure 

should take a few days, not half a year. By this reasoning, class I phenotypic tolerance to 

drugs active against replicating Mtb does not appear to explain completely the need for 

prolonged treatment of TB with combination chemotherapy using the drugs that were 

approved on the basis of their efficacy against replicating Mtb. Class II phenotypic 

tolerance, discussed next, may offer a better explanation.

Class II phenotypic tolerance of ‘culturable’ and ‘viable but non-culturable’ (VBNC) Mtb 

While class I phenotypic tolerance is an intrinsic property manifest by a small proportion of 

bacteria in a population that is largely replicating under standard conditions, class II 

phenotypic tolerance affects almost all the bacteria in a population and is extrinsic, in that it 

arises under externally imposed conditions that limit replication (13). The first scientist to 

demonstrate this was none other than Bigger (14). By lowering the temperature, incubating 

the bacteria in distilled water, or treating them with boric acid, three interventions that 

imposed bacteriostasis, Bigger markedly increased the proportion of persisters among 

staphylococci exposed to penicillin. He correlated this with the cessation of replication and 

attributed it to an insensitivity of non-replicating organisms to a drug that is active against 

replicating organisms (14).

Because almost all the Mtb in a non-replicating population display phenotypic tolerance to 

multiple antibiotics, the individual bacteria in the population must each resist multiple drugs. 

Thus, resistance of this type cannot be overcome simply by combining those drugs. Instead, 

new kinds of drugs are needed that can kill non-replicating Mtb (13).
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Little is known about the mechanism of class II phenotypic tolerance. One hypothesis is that 

non-replicating bacteria may be far less reliant than replicating bacteria on the synthesis of 

cell walls, protein, RNA and DNA, the processes inhibited by most antibiotics. However, 

Mtb adapt to the stresses that impose non-replication with a robust but distinct 

transcriptional response (20) and perhaps with cell wall remodeling (21, 22). Thus, non-

reliance on macromolecular synthesis is an unsatisfactory explanation for class II phenotypic 

tolerance. The stresses that impose non-replication may also lead to diminished 

intrabacterial accumulation of certain drugs, but it is unclear to what extent this contributes 

to phenotypic tolerance. Table 1 contrasts class I and class II phenotypic tolerance and 

introduces what may be an important subpopulation of bacteria that display class II 

phenotypic tolerance: so-called ‘viable but non-culturable’ (VBNC) Mtb.

An important goal for TB drug discovery is to identify, characterize, and prioritize 

compounds that can eradicate Mtb populations that contribute to relapse in human disease, 

so that inclusion of such drugs in a therapy regimen will allow earlier discontinuation of the 

treatment of TB than is now recommended. The bacteria that contribute to relapse when 

treatment with current agents is shortened are probably not the organisms sampled in sputum 

by conventional techniques, since achieving sputum culture-negative status is not well 

correlated with relapse-free cure (23).

The conventional techniques for monitoring mycobacterial load in TB patients by analysis 

of their sputum are enumeration of colony-forming units (CFUs) on agar or detection of an 

increase in biomass proportional to their initial number when Mtb grown from the sputum in 

liquid culture deplete the oxygen in mycobacterial growth indicator tubes (MGIT). Some 

investigators contend that persistent, apparently drug-tolerant populations of Mtb may not be 

those that are detected by the CFU or MGIT techniques. Instead, they may be the VBNC 

Mtb that have been enumerated in limiting dilution assays as the majority of Mtb in sputum 

from a substantial subset of patients (24).

VBNC populations have been reported in over 50 species of bacteria (25) by the operational 

definition that they do not form CFU at the time of study, yet can be detected later as CFU 

or at the time of study by other means, such as inoculation into a host, where they produce 

disease. The term is paradoxical in that the alternate means of detection can include forms of 

culture other than on agar, such as limiting dilution in liquid medium supplemented with 

medium conditioned by Mtb (24).

Mtb that ceases to replicate can enter states that differ in the requirements for returning to 

replication and causing disease. In some stressed states, the ability to form CFU is lost 

unless Mtb first undergoes at least the first two of the following three treatments: (i) 

prolonged incubation in liquid (ii) after limiting dilution (iii) in the presence of labile factors 

from mid-log or early stationary phase culture. Other approaches to detecting VBNC Mtb 

include the demonstration that some organ homogenates from Mtb-infected hosts produce 

no CFU but cause TB after transfer to another host, and the demonstration that 

immunosuppression can cause appearance of CFU in Mtb-infected mice that had been drug-

treated and apparently cured, because organ homogenates from other members of the same 

cohort were cultured before immunosuppression and produced no CFU (26).
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Conventional in vitro assays for mycobactericidal activity do not take the possibility of 

VBNC Mtb into account. Unpublished evidence suggests that some compounds with 

mycobactericidal activity are inactive in vitro against VBNC Mtb, while others can kill 

VBNC Mtb. The characterization of TB drug candidates for their activity against VBNC is a 

major area for further study.

Implications for drug discovery

A consideration of the host-pathogen relationships invites three hypotheses. (i) Host 

conditions in most infected people impose enough stress on Mtb to kill some but not all of 

the Mtb and to slow or halt the replication of most of the rest for prolonged periods. (ii) In 

people who go on to develop clinically active TB, host conditions continue to generate some 

slowly replicating or non-replicating subpopulations of Mtb, and these display class II 

phenotypic tolerance to drugs that were selected primarily for their ability to kill replicating 

Mtb. (iii) Combination chemotherapy of TB could produce faster cures than at present, if 

some of the agents were active against replicating Mtb and some of them were active against 

non-replicating Mtb, including VBNC Mtb. This last hypothesis was already supported by 

the treatment time reduction afforded by inclusion of pyrazinamide (discussed below) in 

combination chemotherapy, but the degree of treatment shortening afforded by 

pyrazinamide is insufficient and resistance to it is spreading.

The fact that slowly replicating or non-replicating subpopulations in vitro display substantial 

resistance to most TB drugs selected primarily for their ability to kill replicating Mtb argues 

that new drugs are needed that are selected on the basis of their ability to kill slowly 

replicating or non-replicating Mtb—drugs that can not only replace pyrazinamide, but out-

do it.

The problem then becomes how to model relevant host conditions in vitro in a form 

compatible with high throughput screening. Additionally or alternatively, the problem 

becomes to identify pathways on which Mtb depends for its survival in the metabolic states 

that confer class II phenotypic tolerance to existing drugs and to find inhibitors of those 

pathways that can kill intact Mtb while it is replicating slowly or not at all.

Modeling host conditions that induce class II phenotypic tolerance in Mtb

Until 2008, there were, to our knowledge, no drugs or compounds reported that selectively 

killed non-replicating bacteria in vitro without also killing replicating bacteria of the same 

species. Very few of the drugs that could kill replicating bacteria could kill the same bacteria 

when they were non-replicating, and those that did, did so to a much lesser extent. In 2008, 

thioxothiazolidines were discovered that inhibited dihydrolipoamide acyltransferase, an 

enzyme involved in Mtb’s intermediary metabolism and antioxidant defense (27). These 

compounds were markedly and selectively bactericidal to Mtb when its replication was 

halted by hypoxia, acidification, starvation, exposure to nitrosative stress, or incubation in 

tissue culture medium designed to mimic human extracellular fluid. The same compounds 

had no impact on the viability of replicating Mtb (27). This finding encouraged us to 

conduct high-throughput screens to find more such compounds.
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It is unknown if a slow replication rate is a causal factor or only a biomarker for class II 

phenotypic tolerance. Be that as it may, the putatively physiologic conditions found so far to 

make an Mtb population relatively resistant to most current TB drugs in vitro are associated 

with a marked reduction in Mtb’s replication rate. Thus, the authors’ laboratories have 

designed high throughput screens under conditions resulting in slow replication or non-

replication (28), recognizing that in the spectrum of lesion types found in humans with TB, 

we can only speculate about replication rates.

We operationally define non-replicating conditions as conditions where the CFU count does 

not significantly change over the period of observation. This definition does not exclude 

some degree of balanced replication and death. We operationally define conditions for slow 

replication as those in which the CFU count increases by about one-fifth of that which 

would occur during exponential growth in standard medium over the same period. This 

target rate of replication was chosen on the basis of observations in mice that have contained 

Mtb infection through immune activation so that CFU are stable for a prolonged period. 

There, evidence suggested that Mtb undergoes balanced death and growth, with the 

generation time of the growing organisms being about fivefold longer than that of Mtb 

undergoing exponential growth in standard medium in vitro (29).

When conditions that impose non-replication are rendered more stringent or extended in 

time, they can lead to loss of CFU. As noted above, loss of CFU is not always accompanied 

by loss of viability as documented by other means. As yet there is no high throughput assay 

to screen for compounds that kill VBNC Mtb, that is, Mtb that do not form CFU at the time 

of study but retain replicative potential. Work to develop such an assay is underway.

In the ensuing years, many experimental compounds have been identified that can kill non-

replicating Mtb in vitro extensively enough to reduce CFU by 5–7 log10 over 3–7 days, in 

some cases to below the limit of detection. Less commonly, compounds have been identified 

that kill both non-replicating Mtb and replicating Mtb, without toxicity to host cells in vitro, 

such as nitazoxanide (30) and certain nitrofuranylcalanolides (31). To our knowledge, there 

has been only one compound whose activity in vitro is selective for non-replicating Mtb that 

has been shown to be clinically active against TB and to allow a shorter course of curative 

treatment. That compound, pyrazinamide, was identified over 60 years ago by its activity in 

mice. Pyrazinamide’s mycobactericidal activity in vitro is so weak that it would probably 

not have been detected in vitro under typical screening conditions. Of the compounds with 

extensive, bactericidal activity in vitro that are selectively active against non-replicating 

Mtb, none, to our knowledge, has yet been tested in clinical trials. Thus, uncertainty remains 

about how best to identify such compounds and how to test them in preclinical animal 

models. This mirrors our uncertainty about conditions in the human host-pathogen 

relationship and our ability to recapitulate those conditions in vitro and in animals.

Complicating matters, slowly replicating or non-replicating states are heterogeneous both as 

a result of the conditions that impose them and the duration of exposure to those conditions. 

There are probably overlapping sets of genes on which Mtb is conditionally dependent for 

survival in different slowly replicating or non-replicating states. Some genes will be 

essential in common, for example, to maintain energy, reducing power, membrane potential, 
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proton motive force, cell wall integrity, and DNA repair. Others will be essential to survive 

particular stresses.

These stresses can be exerted in any combination from a list that includes oxidative, 

nitrosative, acidic, nutritional, micronutritional (such as iron deficiency), hypoxic, and 

membrane-perturbing (such as by antimicrobial peptides). Various oxidative and nitrosative 

stresses are chemically and functionally distinct. Exposure of bacteria to one antibiotic at a 

sublethal concentration can slow their replication and induce class II phenotypic tolerance to 

the same and other antibiotics (32–34). For example, exposure of Mtb to sublethal 

concentrations of isoniazid, rifampin, or streptomycin produces oxidative stress and creates 

dependency on the glyoxylate shunt as a previously unappreciated form of anti-oxidant 

defense (35).

There is no generally accepted model for non-replicating bacteria. Each condition that can 

generate a slowly replicating or non-replicating state associated with class II persistence in 

vitro has a different degree of evidence for its physiologic relevance, and each may create its 

own set of experimental complications. In humans with TB, it is likely that a combination of 

the conditions described below occurs in specific lesion types (36). Below are some 

examples of such conditions.

Starvation

The Loebel model (starvation in phosphate-buffered saline) is unlikely to directly mimic the 

in vivo environment, because Mtb will probably never completely lack a carbon or nitrogen 

source in the human host. Nonetheless, starvation may provide a useful model of complex 

nutritional deficiency that may have relevance to bacilli in vivo (37). Experimentally, the 

duration of starvation is likely to have a profound effect on the outcome, as starved Mtb 

draws down its metabolic stores, such as trehalose, glycogen, fatty acids (such as from 

triacylglycerols) and glutamate. Adaptation to starvation requires the stringent response and 

the hyper-phosphorylated guanosine transcriptional signaling molecules ppGpp and pppGpp, 

which are important for TB survival in mice (38), and which have been implicated in 

clinical isolates by mutations that compensate for rifampicin-resistant alterations in RNA 

polymerase (39).

One of the early impacts of starvation is reduction of protein synthetic capacity. Protein 

synthesis can be switched off artificially by withdrawing streptomycin from an unusual 

mutant of Mtb that has a ribosomal mutation making Mtb dependent on streptomycin to 

grow (40). An advantage of the method is that it can be applied both in vitro and in mice. A 

disadvantage is that isolated interference with protein synthesis may not closely model 

natural states that impose non-replication by impacting multiple pathways.

Alterations in metabolism due to use of a specific carbon source

Based on two key observations, it has long been thought that Mtb in mice is restricted to 

fatty acids as a carbon source. In 1956, Bloch and Segal observed that Mtb taken directly 

from mouse lungs respired more oxygen if provided with fatty acids than if provided with 

carbohydrates (41). This suggested that Mtb had been metabolizing fatty acids in vivo. 
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However, other lipids, such as cholesterol, were not tested, and it was not considered that 

Mtb in vivo need not necessarily be metabolizing at a maximal rate. That is, the substrate 

Mtb can metabolize fastest is not necessarily the substrate to which it has access in vivo or 

the substrate on which it depends in vivo.

The second observation supporting the importance of fatty acids as a carbon source in vivo 

was the severe attenuation of isocitrate lyase (ICL)-deficient Mtb (42). At the time, what 

was known about ICL was that it sustained the glyoxylate shunt for anaplerotic 

incorporation of carbon from fatty acids. The phenotype of ICL deficiency therefore implied 

that Mtb relies on fatty acids to survive in mice and that providing a fatty acid as sole carbon 

source, at a level inadequate to support rapid replication, would mimic a physiologic slowly 

replicating or non-replicating state. However, it later became clear that the icl-null 

phenotype involves the methylcitrate cycle, the secretion of succinate and the antioxidant 

role of the glyoxylate shunt in addition to or instead of reliance on fatty acids (35, 43, 44).

The attenuated phenotype of strains of Mtb deficient in glucose phosphorylation (45) and 

cholesterol metabolism (46) in the same mouse model suggested that Mtb accesses and 

depends on carbon sources other than fatty acids. Virulence of Mtb in the mouse also 

requires triosephosphate isomerase (47) and fructose-1,6-bisphosphate aldoase (48), 

implicating glycolysis and gluconeogenesis in pathogenesis. While lipids could serve as 

carbon donors for gluconeogenesis, so might amino acids and CO2 (49). Thus, imposition of 

a non-replicating state solely by restriction of carbon source to a fatty acid may not model a 

physiologic, host-imposed stress. The evidence is stronger that slow growth of Mtb on 

cholesterol may do so.

Prolonged stationary phase

It is unknown to what degree prolonged stationary phase in vitro directly mimics an in vivo 

environment. Attaining stationary phase in different ways and remaining in it for different 

lengths of time may lead to varying combinations of hypoxia, nutritional deficiency and 

acidification. In late stationary phase, a large proportion of the Mtb are dead and clumping is 

a serious issue, making this an impractical model for high throughput screening.

Prior drug treatment

Sublethal treatment with an antimicrobial agent can impair replication and render bacteria 

phenotypically tolerant to other drugs besides the one applied (34). Bigger (14) 

demonstrated this when his sublethal treatment of staphylococci with boric acid induced 

class II phenotypic tolerance to penicillin. Treating a replicating population with one drug 

and then testing other compounds for their ability to kill the survivors may have the 

disadvantage of testing populations with an undefined proportion of class I and class II 

persisters.

Mild acidification

Mild acidification is thought to characterize Mtb-infected sites in part because pyrazinamide 

is effective in vivo and it is mostly effective in vitro at low pH. However, hypoxia also gives 

pyrazinamide some efficacy in vitro.
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Many Mtb reside in macrophages in vivo. Macrophage phagosomes containing Mtb are 

mildly acidic (pH <6.2). When macrophages are immunologically activated, their Mtb-

containing phagosomes become more acidic (pH 4.5) (50). Moreover, the extracellular fluid 

at inflammatory sites is likely to become acidic as macrophages, monocytes, dendritic cells, 

lymphocytes, and neutrophils invade the site and crowd the stromal and parenchymal cells, 

overburdening the local vascular supply and enforcing increased reliance on glycolysis, with 

accompanying lactate secretion and diminished lactate removal. TB itself secretes succinic 

acid to maintain an energized membrane under hypoxic conditions and may contribute to a 

local acidification of its microenvironment, whether intracellular or extracellular (43, 51).

An experimental complication of using mild acid to impose non-replication is that some 

compounds that inhibit Mtb in vitro can undergo structural modifications in mild acid. This 

is sometimes accelerated or capacitated by the presence of nitrite, as discussed below (28). If 

this is a risk that compounds face in vivo, it is important to set up a screen or counter-screen 

in which such compounds can be identified and their propensity for such transformation can 

be considered along with their other pharmacologic properties.

Hypoxia

Some lesional environments are hypoxic, as shown by direct measurement (52). When Mtb 

is hypoxic, its major alternative electron acceptor in vivo is likely to be nitrate. Mtb readily 

respires nitrate, and nitrate is a physiologic constituent of human body fluids whose amount 

is likely to increase in inflammatory sites, for reasons discussed below. Unfortunately, 

standard Mtb growth media omit nitrate. This omission is a mistake arising from inadequate 

knowledge of mammalian physiology at the time that standard bacteriologic media were 

formulated. Thus, much of what we think we know about Mtb’s physiology in hypoxia is 

based on experiments conducted in non-physiologic culture media (53). For example, the 

Wayne model of hypoxia has emerged as an in vitro gold standard to mimic the host 

environment. However, most experiments using the Wayne model omit nitrate and thereby 

impose a greater degree of respiratory compromise on Mtb than is likely to be physiologic. 

Nonetheless, the tendency of this model to give dramatically different results for drugs than 

under aerobic conditions has made the model a mainstay for evaluating new compounds for 

their activity against non-replicating Mtb.

Nitrite and other reactive nitrogen intermediates (RNIs)

Nitrite, like nitrate, is a physiologic component of human blood and interstitial fluid. Nitrite 

arises partly from dietary nitrate. Ingested nitrate is absorbed from the gastrointestinal tract, 

circulates in the blood, and is taken up and concentrated in the salivary glands. It is then 

secreted into the oral cavity, where it is reduced to nitrite by the anaerobic microbiota in the 

crevices on the back of the tongue (54). Nitrite also arises from auto-oxidation of nitric 

oxide produced by nitric oxide synthases, both constitutive and inducible, including the 

constitutive isoform in vascular smooth muscle and the inducible isoform in bronchial 

epithelium and activated macrophages (55).

Human macrophages in inflammatory sites, including those in lungs of people with TB, 

express the inducible isoform of nitric oxide synthase (iNOS or NOS2) (56–62). In contrast, 
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blood monocytes collected from healthy donors rarely express iNOS when differentiated 

into macrophages in vitro. This is an artifact associated with current methods of using 

normal blood monocytes in vitro to model inflammatory tissue macrophages (63). In fact, 

current evidence suggests that monocytes circulating in healthy people are not precursors of 

the macrophages in many tissues (64).

Mtb itself produces nitrite when it respires nitrate. The degree of hypoxia necessary to ramp 

up Mtb’s nitrate respiration (by upregulating its nitrate transporter) can be achieved in vitro 

when Mtb resides within human macrophages, even in cultures carried out in room air (53).

Nitrite affects Mtb in some ways that are distinct from the impact of nitric oxide and in some 

ways that are the same (53). Moreover, at moderately low pH, nitrite is partially protonated. 

The nitrous acid so formed can dismutate, generating NO, as well as the stronger nitrosating 

agents NO2 (the radical, not the anion), N2O3 and N2O5. The NO autoxidizes, generating 

nitrite again and also nitrate. As noted above, nitrate serves as an alternate electron acceptor 

of physiologic relevance in hypoxia.

Thus, the physiological relevance of in vitro models for Mtb is improved by including 

nitrate and nitrite, or alternatively, including nitrite under conditions (mild acidity) that 

allow for generation of nitrate. Underscoring this, the transcriptional response of Mtb to 

most of the stresses discussed in this chapter is encompassed in its transcriptional response 

to RNI arising from NO produced by iNOS (20).

An experimental complication of using mildly acidified nitrite as a physiologic stress to 

induce a non-replicating state is that some chemical compounds with anti-mycobacterial 

activity are unstable under these conditions (28). While this is inconvenient, it is likely to 

reflect events that can occur in the body. Improved pharmacotherapy of TB may require 

identifying and avoiding these transformations.

Summary: an immunologically inspired approach to TB drug discovery

We do not know enough about Mtb’s biology in the human host to specify an optimal way 

to screen in vitro for compounds that can kill Mtb whose resistance to standard drugs is 

largely attributable to class II phenotypic tolerance. However, with the foregoing 

considerations in mind, we recommend the following approaches:

i. Screen compounds in a setting that combines multiple stresses that can induce a 

non-replicating state and for which evidence of physiologic relevance is strong, 

such as hypoxia, mild acidity, and the presence of nitrite. As noted above, nitrite at 

acidic pH is an indirect source of nitrate, and nitrate becomes important when 

modeling in vivo conditions that include hypoxia. Alternatively, screen compounds 

in several settings that include individual stresses plausibly related to phenotypic 

tolerance, such as slow growth on cholesterol.

ii. Proceed through the usual subsequent steps, which are not detailed here, such as to 

inspect for structural alerts, confirm with quality-controlled, resupplied powders, 

determine the minimum bactericidal concentration, cytotoxicity, and microbicidal 

spectrum, evaluate the extent and speed of killing, and so on.
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iii. Test compounds emerging from the foregoing studies for stability in acidified 

nitrite, whether or not they were identified in a screen that included acid or nitrite. 

Consider further those compounds that are stable. Consider also those that are 

quantitatively converted to a defined product with the desirable properties that had 

been attributed to the original molecule and that have no major new liabilities. 

Discard those that are degraded to diverse, undefined, ineffective, or toxic products.

iv. Cross-test compounds emerging from the above studies in replicating models and 

other non-replicating or slowly replicating models.

v. For compounds passing the previous filters, test their ability to kill VBNC Mtb in 

vitro.

vi. Test leading compounds in animal models. There is no consensus on how best to do 

this, given that this begs the general question whether any animal models 

adequately predict efficacy of TB drugs in humans, and superimposes on it the 

specific question of how to use experimental animals to model non-replicating 

conditions pertinent to human TB.

Proceeding on the premise that animal models, despite their limitations, are indispensable, 

we suggest that the least costly approaches of highest probable relevance are to treat mice 

during the chronic phase of infection in the Grosset and/or Kramnik models, that is, 

beginning at least 4 weeks following low-dose aerosol infection of C57BL/6 or 

C3HFeB/HeJ mice (65, 66), and to do so with the compound alone and in combination with 

an agent that kills replicating Mtb, such as isoniazid. Tests in mice would be considered 

positive if the test agent produces a statistically significant reduction in CFU over the 

vehicle control when tested alone, or over isoniazid when tested in combination with 

isoniazid, and does so in independent experiments, without causing toxicity that requires 

termination of treatment. Positive results would normally lead to tests in combination with 

other agents.

If CFU assays indicate apparent sterilization, additional experiments should be done in 

which the apparently sterilizing treatment is followed by administration of glucocorticoids 

or iNOS inhibitors (67, 68) as immunosuppressive agents, so as to distinguish true 

sterilization from imposition of latency. Such experiments should motivate additional work 

in non-human primates to achieve full pre-clinical validation. Models in marmosets and 

macaques have greater relevance to human TB than mouse models, but are very costly. 

Moreover, the large volume of organs in non-human primates makes it very difficult to 

follow total organ CFU as a read-out. However, animal-sparing radiologic read-outs of 

disease burden are being applied in such models and may ultimately prove sufficiently 

robust to allow for meaningful assessment of sterilizing activity (3). As in mice, the 

existence of substantial populations of replicating Mtb along with some non-replicating Mtb 

complicates using non-human primates for proof-of-concept studies for compounds that are 

selectively active in vitro against non-replicating Mtb. That complication might be solved by 

conducting studies in non-human primates in combination with drugs that are selectively 

active against replicating Mtb, as noted above for mice.
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Ultimately, however, we must accept that TB is a human disease, and we can only acquire 

definitive understanding about it by studying people. We need to conduct larger numbers of 

more informative clinical experiments, whether they are observational or hypothesis-driven 

and whether they analyze the impact of genetics, environment, iatrogenic interventions, or 

the interactions of all three.
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