
A Reinterpretation of Borders: 
Lessons Learned from Mycobacterium 

tuberculosis Pathogenesis 

Michael Shiloh, MD, PhD 

Internal Medicine Grand Rounds 
University of Texas Southwestern Medical Center 

\ '; ', . 
' 

This is to acknowledge that Michael Shiloh, MD, PhD has not disclosed a financial interest or 
other relationships with commercial concerns related directly or indirectly to this program. Dr. 

Shiloh will not be discussing off-label uses in his presentation. 



Biographical Information 

Dr. Shiloh is an Assistant Professor in the Division of Infectious Diseases and the 
Department of Microbiology. Dr. Shiloh's research interests relate to host-pathogen 
interactions relating to Mycobacterium tuberculosis pathogenesis, with a particular focus 
on the host enzyme heme oxygenase. Dr. Shiloh's laboratory is also identifying unique 
mycobacterial virulence factors and cell invasion mechanisms and has recently begun 
testing a novel vaccination strategy to provide mucosal protection against M 
tuberculosis. 

Purpose & Overview 

The goal of this session is to better understand the cellular and molecular mechanisms of 
M tuberculosis pathogenesis, and how novel treatments are being developed to reduce 
the global burden of disease. 

Education Objectives 

1. Recognize the epidemiology of Mycobacterium tuberculosis infection both locally and 
globally and understand how treatment modalities are changing. 

2. Recognize how the host-pathogen interaction during human-M tuberculosis infection 
dictates the eventual outcome. 

3. Appreciate that understanding host-pathogen interactions provides an opportunity to 
develop novel therapeutics and shorten the treatment course for M tuberculosis infection. 
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INTRODUCTION 
In 1882, while lecturing on his discovery of the bacterial cause of tuberculosis, Robert Koch said 
"If the importance of a disease for mankind is measured by the number of fatalities it causes, 
then tuberculosis must be considered much more important than those most feared infectious 
diseases, plague, cholera and the like. One in seven of all human beings dies from tuberculosis. If 
one only considers the productive middle-age groups, tuberculosis carries away one-third, and 
often more." Although Koch's discovery opened the way for many more discoveries and 
treatments, it is sobering to realize that tuberculosis still kills 1-2 million people annually, 
making it one of the leading bacterial causes of death worldwide. To that end, more research is 
needed on all phases of infection with Mycobacterium tuberculosis (TB) with the hope of 
converting that knowledge into new therapies. 

The tubercle bacillus is spread person-to-person almost exclusively by aerosolized droplet nuclei 
(Fig. lA). Recently, the size of infectious droplet nuclei from TB patients was calculated and 
found to range from 4 mm to less than 0.65 mm [1]. This small size helps explain why TB 
droplets evade the nasopharyngeal or tracheobronchial region, which tend to trap particles > 10 
mm in size [2]. Once TB enters the lungs, droplet nuclei are deposited in the terminal alveoli, 
resulting in phagocytosis by tissue alveolar macrophages and dendritic cells [3]. It is within these 
cells that TB resides and replicates (Fig. lB). Roughly a week after initial infection, host cells 
chaperone bacteria to 
draining lymph nodes 
where an adaptive immune 
response develops [4]. 
After T -cells proliferate 
and expand, they home to 
the primary site of infection 
to initiate granuloma 
formation along with 
uninfected macrophages 
and monocytes recruited 
from the blood [5] (Fig. 
lD). Over time, the 
granuloma matures from a 
simple structure consisting 
of mycobacteria and host 
cell aggregates to more 
complex structures that 
typically include a sterile 
core surrounded by a rim of 
macrophages and 
lymphocytes and a fibrous 
capsule [ 6]. Indeed, even 
within individuals with 
active tuberculosis, 
granuloma at various 
developmental stages can 

A 

Figure 1 Life cycle of Mycobacterium tuberculosis 
A. Transmission of TB from an infected to a naive individual. Rupture of a granuloma 
into a bronchus allows TB to be released into exhaled air. TB that reaches the terminal 
alveolus is ingested by alveolar macrophages. B. Interaction of TB with alveolar 
macropbages. Phagocytosed TB subverts normal phagocytosis by preventing 
phagosome maturation, phagosome acidification, and nitric oxide toxicity (left). 
Infected macrophages communicate and are activated by host T-cells, and TB accesses 
the macrophage cytoplasm (right). C. Intraphagosomal TB senses the host environment 
and resists host defense mechanisms. Host signals including NO, CO, hypoxia and 
acidic pH induce a transcriptional program that facilitates adaptation to dormancy. Host 
anti-TB defenses are activated including H20 2 and NO production and phagosome 
acidification, while TB actively resist kill ing. D. Granuloma formation restricts TB 
spread and serves as a niche for survival. Infected macrophages coalesce and 
differentiate into foamy macrophages surrounding a caseous core with T and B cells 
and a fibrous shell at the periphery. E. Rupture of a granuloma. Either during a primary 
infection or during reactivation, lack of immune control coupled with active bacterial 
re lication results in destruction of the uloma and release ofTB. 
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be observed. When bacterial replication is restrained by a combination of bacterial adaptation 
and host immunity, viable bacilli reside in the granuloma's peripheral rim, and on occasion in 
otherwise phenotypically normal lung tissue. In contrast, when bacterial replication is 
unhindered, active disease ensues either through rupture of the granuloma into large airways and 
expectoration of infective bacilli [7] (Fig. ~E) or through the development of a lipid pneumonia 
[8]. 

Despite being ingested by a professional phagocyte, TB appears to reside within and resist the 
toxicity of the macrophage phagosome. One way it accomplishes this feat is by arresting 
phagosome maturation so that acidification is diminished, host antimicrobial mechanisms such as 
nitric oxide synthase (NOS2) are excluded, and fusion with the lysosome is blocked [9]. Another 
way to evade a number of macrophage antimicrobial activities is to escape the phagosome. 
While the current paradigm states that TB maintains a purely intraphagosomal existence within 
host cells, recent electron microscopy of infected macrophages suggests that TB may, on rare 
occasions, be found in the cytoplasm as well [10]. Moreover, TB can potentially access the 
cytoplasm since TB antigens are presented by MHC I [11], an outcome typically noted for 
cytoplasmic proteins, and TB activates host cytoplasmic signaling pathways [12,13] [14] in a 
manner analogous to intraphagosomal Listeria monocytogenes [15]. These observations do not 
prove that TB lives in the cytoplasm, as cross-priming can also explain MHC I antigen 
presentation [16] and disruption of the phagosome alone could release intraphagosomal contents 
into the cytoplasm, but taken together, the data suggest that TB can communicate with the 
macrophage cytoplasm during infection. 

In humans, mutation of genes in the IFNy/IL-12 axis is associated with Mendellian susceptibility 
to tuberculosis while biologic interference with circulating tumor necrosis factor (TNF) is 
associated with reactivation and development of active disease [17]. These cytokines converge 
on the macrophage, where their absence likely results in reduced anti-mycobacterial activity 
(Fig. 1B). Most worrisome for the global TB epidemic is the significantly enhanced 
susceptibility of individuals co-infected with HIV to active tuberculosis, both with respect to 
primary infection and reactivation. This effect of HIV is multifactorial. HIV mediates loss of 
CD4 T-cells, and CD4 cells that have differentiated into Th1 cells are important sources of 
cytokines that initiate antimicrobial defenses by activating innate immune cells. Further, 
diminished activity of CD4 helper cells leads to a failure to costimulate and activate CD8 
restricted cytotoxic T -cells, which in tum mitigates the ability of the adaptive immune response 
to kill TB-infected cells. 

Of those infected with tuberculosis, a majority (~90%) experience a lifelong, asymptomatic 
infection distinguished by the formation of the characteristic tissue structure, the granuloma (Fig. 
1D). Recent data indicates that the granuloma is not a static structure, and is remodeled over time 
under the influence of both bacterial and host factors [18]. This remodeling likely benefits both 
the bacillus and the host, providing new cells to infect and parasitize while simultaneously 
preventing bacillary escape [19]. Thus, mycobacteria and their mycolic acids induce human 
monocytes to differentiate into lipid-rich "foamy" macrophages that provide a nutrient rich niche 
but also are less permissive to bacillary growth [20]. Bacteriostasis within human foamy 
macrophages correlates with upregulation of the TB dormancy "regulon", an -50 gene program 
induced by the bacterial two-component system DosS/DosR that is important for establishment 
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of a latent infection. The sensor histidine kinase DosS is a hemoprotein that detects 
environmental cues likely encountered by TB in the host including hypoxia, nitric oxide (NO) 
and carbon monoxide (CO) produced by macrophage nitric oxide synthase (NOS2) and heme 
oxygenase (H0-1) respectively [21]. Notably, exposure of TB to these cues results in slowed 
growth characteristic of dormant bacteria. Other critical metabolic adaptations of mycobacteria 
include catabolism of fatty acids rather than sugars, activation of the glyoxylate shunt and use of 
alternative electron acceptors for respiration [22] (Fig. lC). 
Most individuals infected with TB experience a lifelong quiescent infection. However, a subset 
of latently infected people will develop active disease later in life. In many cases, defects in the 
adaptive and innate immune systems arising from immunotherapy with TNF inhibitors, HIV, 
malnutrition, old age, diabetes, cancer, kidney disease, or treatment with chemotherapy or 
glucocorticoids allow TB to initiate active replication resulting in symptomatic disease [23]. In 
other cases, no obvious incipient insult can be identified, suggesting that either a modest (but 
undetectable) loss of immune control leads to reactivation, or that TB initiates a genetic program 
for reactivation. In that respect, evidence that a small subset of TB is actively replicating during 
latent infection [24] allows for the possibility that changing environmental cues could very 
rapidly initiate a reactivation program. Such cues could include removal of a physiologic 
"clamp" in the form of low oxygen and high NO concentrations that restrict growth, or perhaps 
peptidoglycan lysis mediated by resuscitation promoting factors [25]. Most likely, a combination 
of bacterial and host factors is responsible for reactivation, similar to latent infection and primary 
active disease. 

EPIDEMIOLOGY OF TUBERCULOSIS: A GLOBAL EPIDEMIC 
Tuberculosis, a disease that has plagued humans since antiquity, remains a significant global 
epidemic. Indeed, as a cause of death, it is has the distinction of being the number one cause of 
death worldwide from a specific bacterial pathogen, causing about 1.3 million deaths annually. 
In the United States, tuberculosis was 
the most common cause of death in the '"""""'o"'"~' '""o"'"'"""'""'"""''"''"'",..'"' 

19th and early 20th century. Following 
Robert Koch's discovery of the cause 
of tuberculosis improvements in 
nutrition and public health, including -=""= ... . -~ 
the advent of sanitaria, led to a ,.;,•;...-.;...' -~ .. ,.........., 
dramatic decrease in the incidence of ..;::='==-;;,·--=:: 
and mortality from tuberculosis in ;;,;.. 
developed countries such as the United ...,..t<J---=: 

~~ttl IIIII 
Go 

-·-·-· ---r-:' 

States (Fig. 2). This dramatic decline 
preceded even the development of 
BCG as a TB vaccine in 1921 and the 
use of the first antibiotic for TB, 
streptomycin, in 1946. Such was the 
improvement in the epidemiology and 
treatment of tuberculosis that Dr. 
Selman W aksman, discover of 
streptomycin, commented in his Nobel 
acceptance speech that "The Great 

Figure 2. Decline in TB rates in the 20th century. 
Data from the CDC demonstrates significant decline 
in TB in the United states from 1900 to 1950. 
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White Plague, which only 10 years ago was thought to be immune to drug therapy, is gradually 
being eliminated. Even persons afflicted with those forms of tuberculosis, such as meningitis and 
miliary, which were nearly always fatal, now have a better than even chance of recovery. 
Streptomycin pointed a way. Later supplemented with PAS and more recently with isoniazid, it 
has brought the control of this disease within sight." Dr. Waksman's optimism reflected an era in 
which it was thought that antibiotics would soon eliminate all infectious diseases. However, the 
fact that in many cases antibiotic resistance occurs within one year of its first use [26], has 
dampened that enthusiasm. Today we recognize that controlling many infectious diseases, 
including tuberculosis, requires concerted efforts in public health, disease diagnosis, prevention 
and treatment. 

The World Health Organization estimates that roughly 1/3rd of the world's population is latently 
infected with TB. Annually, there are 8-10 million cases of active tuberculosis and 1-2 million 
deaths. Furthermore, in 2010 there were approximately 650,000 cases of multiple drug resistant 
TB (MDR-TB: defined as resistance to two frrst line drugs, typically rifampicin and isoniazid), 
and roughly 25,000 cases of extensively drug resistant TB (XDR-TB: defmed as MDR-TB 
resistant to any fluoroquinolone and any of the second line injectable drugs such as amikacin, 
kanamycin or capreomycin). Although in many cases drug-resistance is acquired during 
(inappropriate) treatment, there are worrisome signs that drug-resistant isolates can cluster and 
spread in outbreaks [27-29]. Since these forms ofTB are unresponsive to standard treatment with 
first-line anti-TB drugs, treatment frequently requires two years or more using less potent, more 
toxic and more expensive medicines. Notably, XDR-TB has an extremely high mortality rate 
(>85%), particularly in those co-infected with IllV [30]. Recently, strains of TB were described 
in Italy [31], Iran [32] and India [33,34] that are resistant to all currently approved anti-TB drugs. 
This distressing outcome parallels the rise in antibiotic resistance in gram-negative bacteria [35]. 
That MDR (and possibly XDR and TDR) strains can cluster and spread highlights the dire need 
to improve standard tuberculosis treatments not only to limit development of drug resistance but 
also to provide additional novel treatment options. 

In the United States, the rates of tuberculosis have been in steady decline, such that in 2011 there 
were only -10,521 cases of tuberculosis reported, yielding a national incidence rate of 3.4% 
(MMWR, 2012) which is the lowest national rate since 1953. In 2010, there were 109 cases of 
multidrug resistant TB in the United States, and 4 cases of extensively drug resistant TB, the 
majority occurring in foreign-born persons. The case rate for Dallas and associated counties has 
been stable for the past 5 years, with an average of 200 cases per year. 

Current treatment regimens for active tuberculosis (drug-sensitive) involve taking 2-4 drugs for a 
minimum of 6 months. Likewise, treatment for latent TB infection (LTBI) requires 6-9 months 
of isoniazid (INH) (Table 1) in order to reduce the 5-year tuberculosis incidence rate by -70% 
[36]. Importantly, it is evident from a number of clinical trials that treatment for either active 
tuberculosis or L TBI requires significant adherence in order to achieve successful treatment and 
avoid the development of antibiotic resistance. Indeed, the extended duration of therapy, drug 
side effects, drug-drug interactions (especially in the case of IllV) and lack of symptoms in the 
case of L TBI are often cited as reasons for treatment failure. One recent promising approach to 
LTBI has been to combine rifapentine with INH in a 12-dose regimen [37]. In this study, a 
regimen of rifapentine (900 mg) and INH (900 mg) given once weekly for 12 weeks was 

6 



compared to standard therapy of INH alone (300 mg) given daily for 9 months. The results 
showed that the combined regimen was as effective as the standard regimen at preventing 
tuberculosis with roughly half the number of cases of tuberculosis and better adherence to the 
treatment [37]. This has prompted the CDC to now recommend the short-course regimen "in 
otherwise healthy patients aged 2::12 years who have a predictive factor for greater likelihood of 
TB developing, which includes recent exposure to contagious TB, conversion from negative to 
positive on an indirect test for infection (i.e., interferon-y release assay or tuberculin skin test), 
and radiographic findings of healed pulmonary TB (see Precautions). HIV-infected patients who 
are otherwise healthy and are not taking antiretroviral medications also are included in this 
category (see Precautions) [38]". Although the short-course represents a significant 
improvement over the 9-month INH regimen including a better treatment completion rate (82.1% 
vs. 69.0%), overall 20-30% of patients in a monitored clinical study could not complete LTBI 
treatment [37]. How these regimens would fare in a real world setting is unclear, but it is 
doubtful that adherence rates would be higher outside of a clinical trial. These data highlight the 
urgent need to develop newer treatments that will be equally if not more effective in treating 
active TB and LTBI and that will shorten the treatment course. To that end, gaining a better 
understanding of the host-pathogen interactions in TB will help direct the identification of novel 
targets and therapeutics. 

Table 1. Latent TB Infection Treatment Regimens 

Drugs Duration Interval Minimum doses 

Isoniazid 9 mo ths Dally 270 

Twice weekly* 76 

Iso la.zid 6 months Dally 180 

Twice weekly* 52 

Isoniazid and Rifapentine 3 months Once weekly'* 12 
Rifampin 4 months Dally 120 

*Use Directly Observed Therapy (DOD 

M. TUBERCULOSIS RESISTANCE TO HOST ANTIMICROBIAL PATHWAYS 
Sustained in vivo and intracellular survival of M tuberculosis, a hallmark of latent infection, has 
selected for bacteria that can resist host antimicrobial defenses [39]. These include oxidative 
radicals produced by the respiratory burst, NO toxicity from NOS2 and phagosomal acidification 
[ 40]. Indeed, M tuberculosis has evolved multiple strategies to interfere with host pathways such 
as excluding NOS2 from the phagosome [ 41 ,42] and arresting phagosome maturation to prevent 
acidification [43]. Furthermore, M tuberculosis can intrinsically resist the toxicity mediated by 
host pathways such as hydrogen peroxide through catalase [ 44,45], NO through DNA repair 
[46], protein degradation [47] and antioxidant defense [48], and acidification through adaptation 
[49], cell wall stabilization [50,51] and nitrate respiration [52]. Thus, in many cases, the presence 
of a host antimicrobial pathway has selected for mycobacterial genes that can prevent bacterial 
death. 

PHAGOLYSOSOME FUSION 

A major mechanism used by macrophages to kill and degrade ingested bacteria is to fuse 
lysosomes to bacteria-containing phagosomes (Fig. 3, bottom). This process coincides with a 
dramatic drop in the pH of the phagosome, so that the initial phagosome pH of 6.4 drops 

7 



considerably to a pH of 5.8 or lower. Interestingly, TB-containing phagosomes are initially found 
at a pH of 6.4, thus behaving as though the phagosome is arrested in its maturation process [43]. 
One way that TB blocks phagosome maturation is by preventing vesicles containing the proton
generating vesicular-ATPase from fusing with the phagosome [43], since acidification of the 
phagosome is necessary for normal maturation (Fig. 4, bottom). Several TB molecules have been 
shown to affect the ability ofphagosomes to mature normally[53], including components of the 
cell wall [54,55] and a secreted bacterial phosphatase SapM [56]. Highlighting the important role 
of this pathway, mutants defective in their ability to prevent phagosome maturation are 
attenuated in vivo. Likewise, the host immune system can overcome this mycobacteria-induced 
blockade, as macrophage activation by IFN-y leads to acidification and phagolysosome fusion 
[57]. 

THE RESPIRATORY BURST AND NADPH OXIDASE 
Macrophages and neutrophils both utilize a rapidly associating enzymatic complex known as the 
phagocyte oxidase (Fig. 3, right) to reduce oxygen and produce superoxide ion in response to 
bacterial pathogens. Superoxide can then be further reduced to form hydrogen peroxide, 
hydroxyl radical and peroxynitrite, which are collectively known as reactive oxygen 
intermediates (ROI). A critical role for ROI in host defense against tuberculosis was 
demonstrated when gp91phox_,_ mice (a mouse model of the human disease, chronic 

Figure 3 Activation of macrophage antimicrobial mechanisms. Ingestion of TB and macrophage activation 
by Thl cytokines leads to acidification (v-ATPase), NOS2 activation and NO production, phagocyte oxidase 
(Phox) mediation superoxide production, release of antimicrobial peptide, lysosome fusion with the phagosome, 
heme oxygenase activity and production of CO and stimulation of autophagy. 
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granulomatous disease or CGD) were infected with TB [58]. Mutant mice had higher bacterial 
burdens in the spleen and lung relative to wild type mice. These results have several human 
correlates. In regions where TB is endemic, individuals with CGD have a significant 
predisposition to developing either active TB or scarring/abscess formation from BCG 
vaccination [59]. More recently, two kindreds identified in France with X-linked susceptibility to 
mycobacterial disease were found to have germline mutations in the human form of gp91 phox, 
CYBB [60]. Thus, a functional respiratory burst is essential to control mycobacterial infection in 
mice and humans. 

The potent arsenal of ROI experienced by mycobacteria has selected for mycobacterial ROI
resistance genes. For example, TB expresses two superoxide dismutase enzymes for catabolism 
of superoxide and a vital catalase, KatG, for degradation of hydrogen peroxide (Fig. 4, right). 
Although disruption of SodC in TB did not affect TB virulence, genetic reduction of the essential 
gene SodA using antisense RNA led to marked attenuation of bacterial virulence in vivo [61]. 
Likewise, disruption of KatG led to attenuation of TB in mice and guinea pigs [ 45], and this 
attenuation was reversed when the NADPH oxidase was deleted in mice [62] indicating that one 
major function ofTB catalase is to counter the growth inhibitory effect ofROI. 

ROLE OF NITRIC OXIDE SYNTHASE AND NITRIC OXIDE RESISTANCE GENES 

Nitric oxide synthase (NOS) converts arginine to citrulline and produces nitric oxide (NO) in the 
process (Fig. 4, top). In the vascular system, NO produced by the calcium-responsive endothelial 
isoform of NOS regulates smooth muscle tone and therefore blood pressure. In the immune 
system, a high output form 
of NOS (iNOS or NOS2) is 
induced by a variety of 
inflammatory signals so 
that once the protein 1s 
transcribed, copious 
amounts of NO are 
produced. Macrophages are 
key sources of NO, and 
NOS2 activity is vital to the 
control many infections 
[39]. In particular, NOS2 is 
essential for control of TB, 
as mice deficient in NOS2 
were exquisitely 
susceptible to TB infection 
[63]. Although a human 
polymorphism in NOS2 has 
not been associated with 
susceptibility to TB 
infection, pulmonary 
macrophages from 
humans infected with TB 
express NOS2 [64,65], 

Figure 4. Mycobacteria resist macrophage antimicrobial 
mechanisms. For the indicated macrophage pathway, TB are able to 
resist the specific mechanism via enzymatic activities, secretion of 
bioactive lipids and through physical means such as the thick mycolic 
acid containing cell wall. 
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and an increase in exhaled NO can be detected in the breath ofTB patients [66]. Taken together, 
the data suggest that NOS2 and NO are important mediators of host defense against TB. 

NO and its adducts are termed reactive nitrogen intermediates (RNI), and RNI are able to kill 
target cells by a number of mechanisms including lipid peroxidation, inhibition of respiration, 
binding to heme and iron containing proteins as well as inducing direct protein an DNA damage. 
It therefore comes as no surprise that mycobacteria would evolve mechanisms to prevent or 
repair RNI-induced damage (Fig. 4, top). A number of mechanisms have been discovered to 
date, including preventing NOS2 from associating with the phagosome [41,67], NO scavenging 
[68], degradation of damaged proteins in a bacterial proteasome [47], DNA damage repair [46], 
and detoxification ofRNI [48,69]. 

ACID PH AND TB ADAPTATION 

In 1905, Elie Metchnickoff first advanced the notion that macrophages use acidic conditions to 
kill ingested bacteria forth after observing acidic reactions in guinea pig macrophages containing 
ingested bacteria. Since then, a number of studies have found that phagosomes containing 
bacteria acidify. Acid (i.e. an excess of protons) can indeed alter biochemical reactions and cause 
cellular damage to DNA, proteins and lipids, but whether acidic conditions within phagosomes 
on their own can kill bacteria has been difficult to prove. In part, this is due to the fact that acid 
conditions also support a variety of cellular processes such as phagosome maturation, lysomal 
hydrolase activity and the efficient production of ROI and RNI. Therefore, chemical or genetic 
disruption of acidification would be expected to have a complex effect on the ability of the 
macrophage to kill bacteria. In that regard, identifying mycobacterial mutants unable to survive 
in the presence of acid that are also attenuated in macrophages and mice would provide 
circumstantial evidence for a direct role for acid in killing intracellular mycobacteria. Indeed, 
recently a variety of TB products and genes have been identified that facilitate resistance to acid, 
including the thick, waxy mycobacterial cell wall[51], MgtC (a putative Mg2+ transporter) [70], 
OmpA (an ammonia-secreting porin) [71], and Rv3671c (a membrane bound serine protease) 
[72] (Fig. 4, top). 

AUTOPHAGY AND TB 
Autophagy is a cellular process whose purpose is to collect cytoplasmic material, including 
organelles and intracellular bacteria, and deliver those materials for lysosomal degradation [73]. 
Autophagy can be induced by several factors, including nutrient deprivation, mitochondrial 
damage and bacterial entry into the cytosol [74]. Specialized proteins known as ATG (autophagy 
related) proteins facilitate the dynamic recruitment and movement of membranes to envelope 
targeted structures. In 2004, it was discovered that induction of autophagy within infected 
macrophages limited mycobacterial growth [75] in a mechanism requiring the IFN-y induced 
cytoplasmic guanosine triphosphatase LRG-47 [76,77]. Not surprisingly, mycobacteria have 
evolved mechanisms to prevent autophagosome formation by disrupting macrophage 
phosphoinositol signaling [56,78]. Highlighting the critical role of autophagy in host defense 
against TB infection, it was recently found that ATG5-deficient mice are highly susceptible to 
infection with TB [74] (Fig. 3 and 4, top left). 
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HEME OXYGENASE: AN ENZYMATIC SOURCE OF CARBON MONOXIDE 

Humans and mice produce CO by the enzyme heme oxygenase (H01) [79,80], which catalyzes 
the degradation of heme into biliverdin, iron and CO in a reaction requiring 02 and NADPH 
[81,82] (Fig. 3). H01 is primarily expressed within alveolar, liver and spleen macrophages, and 
is induced by inflammatory mediators such as lipopolysaccharide, tumor necrosis factor, 
interleukin-1, and oxidative stress [83]. The CO is exhaled, with the average, nonsmoking human 
exhaling approximately 2 ppm [84,85] while patients with a variety of infectious and 
inflammatory conditions producing significantly more [83,84,86-88]. No studies have been 
performed to date on the CO concentration in exhaled air from individuals with tuberculosis. 

We [89] and others [90] have shown that M tuberculosis infection of macrophages and mice 
induces HOl. HOI-derived CO then induces a set of ~50 genes known as the dormancy regulon 
via a two component signal transduction system mediated by the sensor histidine kinases DosS 
and DosT and this induction is diminished in HO 1 deficient macrophages and in macrophages 
where H01 is chemically inhibited [89]. We have recently shown that mouse macrophages 
deficient in HO 1 are more permissive to TB infection (M. Shiloh, unpublished). Because heme 
oxygenase is induced during aM tuberculosis infection [89,90], the CO produced is sensed by 
M tuberculosis [89,90], and M tuberculosis is resistant to CO [89], we hypothesized that M 
tuberculosis encodes resistance genes for CO and found one such gene by screening a TB 
transposon library (Fig. 4, bottom). This mutant is attenuated in macrophages and mice, 
suggesting an important role for CO and CO resistance in TB pathogenesis. 

TARGETING HOST-PATHOGEN INTERACTIONS TO TREAT TB 
ANTIBIOTICS EMULATE IMMUNITY 

Since the introduction of penicillin in the middle of the 20th century, the targets of most antibiotic 
classes have been identified a:s essential components of bacterial growth machinery, namely 
DNA replication (i.e. quinolones), RNA transcription (rifampicins), protein translation 
(aminoglycosides, macrolides and tetracyclines), cell wall synthesis (penicillins, cephalosporins, 
carbapenems) and folate metabolism (sulfonamides). However, recent work has revealed that 
beyond the classic targets of antibiotics, most bactericidal antibiotics share a common final 
pathway, namely, induction of reactive oxygen species that damage bacterial proteins and DNA 
[91]. When membrane proteins are mistranslated in the presence of aminoglycosides, their 
misfolded state ultimately triggers a bacterial response that favors ROI production and eventual 
cell death [92]. Furthermore, antibiotic-induced ROI oxidizes the guanine nucleotide pool 
resulting in an overproduction of 8-oxo-guanine. When this nucleotide is incorporated into DNA, 
multiple double stranded breaks are introduced, resulting in bacterial cell death [93]. How does 
this relate to TB? First, several of the drugs described in the prior work [91,92] such as 
quinolones and aminoglycosides are important drugs in TB treatment, and the carbapenem 
meropenem (a cell wall synthesis inhibitor) is also being used for MDR-TB [94]. Second, it has 
recently been shown that two of the primary TB drugs, isoniazid (INH) and pyrazinamide (PZA) 
induce reactive oxygen species formation within mycobacteria [95]. Thus, it appears that TB, 
like other bacteria, is susceptible to ROI-mediated cell death induced by multiple classes 
antibiotics (Table 2). 

In addition to ROI formation, there are several other mechanisms by which antibiotics mimic the 
immune system. Recently, a novel nitroimidazole with anti-TB activity known as P A-824 was 
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discovered that kills TB under hypoxic conditions in part by generating the antimicrobial gas NO 
[96]. In another recent study, both INH and PZA were found to induce host autophagy during a 
TB infection of macrophages, and that this autophagy induction was necessary for the anti-TB 
activity of these antibiotics [95] (Table 2). Taken together, both established and novel anti-TB 
drugs appear to affect bacteria in ways analogous to this host immune system by creating ROI, 
RNI and stimulating autophagy. These observations suggest that approaches to either weaken 
bacterial defenses or enhance specific host antimicrobial mechanisms could represent novel 
antibiotic classes that are sorely needed. 

Table 2: Mechanisms of TB drugs 

TBdrug "Classic" drug target "Classic" antimicrobial New antimicrobial pathway 
pathway 

lsoniazide Enoyl· (acyl-carrfer· Inhibition of cell wall Induction of ROI 
protein) reductase synthesis Autophagy 

Rifamycin DNA·directed RNA RNA transcription 
polymerase b-c:hain 

Pyrazinamide Unknown Disruption of proton Inhibition of Trans-translation 
motive force & ATP Induction of ROI 
synthesis Autophagy 

Ethambutol Arabinosyltransferase Arabi nan cell wall 
biosynthesis 

Quinolone DNAgyrase Inhibition of DNA Induction of ROI 
replication 

Aminoglycoside 305 ribosomal subunit Protein synthesis Mistranslation of membrane 
inhibition proteins 

Induction of ROI 

HARNESSING IMMUNITY TO ERADICATE DISEASE 

Since the 1960s, only two new classes of antibiotics have been developed overall, and there have 
been no new classes of drugs specific for TB. With the information gained from studying 
microbial pathogenesis, it is now possible to directly target bacterial factors that facilitate 
survival in the host. There are a number of promising targets described above, and to date 
inhibitors have been developed for several nitric oxide resistance pathways [47,69,97,98], novel 
TB cell wall synthesis pathways [99,100] and DNA repair [101], which is important for RNI and 
ROI resistance but also may also sensitize cells to antibiotic-dependent ROI-mediated DNA 
damage. With respect to RNI resistance, genes that have been targeted include the TB 
proteasome [47,97], LpdC/DlaT [98], and UvrABC [101]. While promising, these drugs are still 
in the hit-to-lead or lead-optimization stage. In contrast, several novel cell wall synthesis drugs 
are in phase I-III studies. Indeed, one drug, Delamanid recently completed a phase II study in 
patients with MDR TB [99]. Delamanid works by inhibiting mycolic acid synthesis, and is 
effective at killing bacteria within 4 hours of pulsing infected macrophages [102], suggesting that 
weakening the mycolic acid layer makes the bacteria more susceptible to early macrophage 
defenses. In the study, when delamanid was added to a background regimen in MDR TB 
patients, the 2-month sputum culture conversion rate was 45% in the treatment group compared 
to 30% in controls. Delamanid is now being tested in a much larger phase III study, and holds 
promise as the first new class of TB drug to enter clinical practice in 50 years. 
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