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"Why, when one comes near consumptives, does one contract their disease, while 
one does not contract dropsy, apoplexy, fever, or many other ills? With the phthisic the 
reason is that the breath is bad and heavy ... One takes the disease because there is in the 
air something disease producing." 

Aristotle, 320 BC 

"I was the happiest man ever to contract tuberculosis, because it enabled me to get 
out of Bellvue and quit medicine." 

Walker Percy, author of Love in the Ruins 
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INTRODUCTION 

Mycobacterium tuberculosis is an extraordinarily successful human pathogen, 
infecting a total of 1. 7 billion people, causing 8 million cases of active tuberculosis per 
year, and killing an estimated 3 million people per year (1). Despite these statistics, prior 
to the mid-1980s relatively little was known about tuberculosis pathogenesis and only a 
handful of researchers were actively investigating tuberculosis. The lack of knowledge 
about TB was due to the intrinsic difficulty of working with slow growing Mycobacteria 
and the widespread perception that tuberculosis was a vanishing disease in the developed 
world. 

During the 1980s the prevalence of TB in the United States, which had been 
declining for decades, began to increase and multiple drug resistant strains of M. 
tuberculosis began to appear. The resultant public concern lead to increased attention and 
funding for public health TB control programs and increased funding for basic TB 
research. Improved public health TB control has lead to a c;lecline in US TB cases; as of 
1998 TB prevalence hit an all-time low of 7 cases/100,000 population and only 1% of M. 
tuberculosis isolates were multiple drug resistant (2). Tuberculosis research has 
flourished and there has been an explosion of new information about TB pathogenesis. 
The recent sequencing of the M. tuberculosis genome will further accelerate progress in 
understanding tuberculosis (3). This review will focus on recent discoveries about TB 
pathogenesis with emphasis on the infected host's response to the infection. 

OVERVIEW-NATURAL HISTORY 

Tuberculosis begins when a susceptible person inhales a small M. tuberculosis
containing droplet coughed out by a person with active TB. The exact innoculum size is 
estimated to be only one to three bacteria (4, 5). Droplets larger than 2 microns, even 
those containing many bacteria, are not infectious because they impact on bronchial walls 
and are rapidly cleared by mucociliary action; smaller droplets float in the center of the 
airstream until they settle in lower lobe alveoli where tuberculosis begins (6). Figure 1 
illustrates the sequence of events following alveolar deposition. 

Figure 1. The Natural History of Tuberculosis 
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Intra-alveolar bacilli are phagocytosed by alveolar macrophages but non-immune 
macrophages of a PPD-negative, previously uninfected person cannot kill M. tuberculosis 
and so bacilli multiply freely within macrophages, spreading to hilar lymph nodes and 
into the blood. The resultant bacillemia seeds the upper lobes and renal cortex where, 
because the tissue oxygen tension is high, M. tuberculosis growth is favored. After about 
three weeks the infected host develops an immune response which is signaled as a 
positive PPD skin test. Bacterial killing and granuloma formation then ensue, 
significantly reducing the number of viable bacilli and forming granulomas around them. 
Clinically the initial infection is called primary tuberculosis and most patients notice only 
mild flu-like symptoms. A chest radiograph taken during the primary infection may show 
a lower-lobe infiltrate and ipsilateral hilar adenopathy (7). If an effective immune 
response does not occur the infected person may develop progressive primary 
tuberculosis . 

Following the primary infection tuberculosis usually enters a latent stage, which 
may last for the infected host's lifetime. During the latent phase there are low numbers of 
viable bacilli and no symptoms. About 90% of infected people never develop active 
disease and die with, rather than of, their infection. The other 10% develop reactivation 
tuberculosis when their granulomas break down and bacteria begin multiplying. The 
large, upper lobe cavities characteristic of reactivation TB contain huge numbers of 
bacteria, permitting transmission to a new, uninfected host by aerosol transmission (8). 
The subsequent discussion will divide tuberculosis into four stages-early events, the cell
mediated immune response, latent infection, and reactivation. 

EARLY EVENTS-ALVEOLAR MACROPHAGE PHAGOCYTOSIS 

Alveolar macrophages, the resident phagocytes of the alveolar space, rapidly 
ingest inhaled mycobacteria. A major difference between virulent and avirulent strains of 
M. tuberculosis is that avirulent strains are rapidly killed after ingestion whereas virulent 
mycobacteria proliferate within their intra-cellular niche. Pathogenic mycobacteria use 
two receptors to get inside macrophages; both deliver bacteria to the endosomal pathway 
where they can inhibit normal microbicidal responses. 
Lipoarabinomannan CLAM) and Mannose-capped LAM (MAN-LAM)- A virulent 
mycobacterium contain large amounts of the glycolipid LAM in their cell envelope where 
it is recognized by CD 14, a pattern recognition receptor present on macrophages (9,10). 
The LAM-CD 14 interaction causes human macrophages to rapidly release large amounts 
of TNF (11, 12). Growth of avirulent M. tuberculosis taken up by macrophages ceases 
within days due to TNF-mediated microbicidal activity (13), and thus LAM-bearing 
mycobacteria cannot proliferate inside macrophages. Pathogenic mycobacterial species 
cap their cell wall LAM with multiple mannose groups forming MAN-LAM (Figure 2). 
MAN-LAM is recognized by the macrophage mannose receptor (MMR) which initiates 
phagocytosis (14, 15). Uptake by the MAN-LAM/MMR pathway causes 99% less TNF 
release than does LAM (11) , and MAN-LAM/MMR uptake requires no serum or 
opsonising antibodies, an important consideration given the low complement and 
immunoglobulin concentrations in the alveolar space. It is estimated that MAN
LAM/MMR uptake accounts for about half of total alveolar macrophage phagocytosis of 
virulent M. tuberculosis (16) . 
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Complement and Macrophage Complement Receptors 1,3,4 -Under in vitro conditions 
and with added serum all mycobacteria activate complement via the alternative pathway, 
and C3b opsonised mycobacteria adhere to macrophage complement receptors, triggering 
phagocytosis; the complement receptor CR4 is the major alveolar macrophage CR (13). 
Virulent mycobacteria use a second complement-mediated pathway to increase uptake by 
alveolar macrophages. Pathogenic mycobacteria express cell-surface C3 convertase 
activity that, in the presence of C2a and C3, forms C3b (17,18). The C3b adheres to the 
mycobacterial cell envelope where it is recognized by CR4, triggering phagocytosis. 
Since only nanomolar amounts of complement are required this may be an important 
mechanism enhancing alveolar macrophage phagocytosis in non-inflamed alveoli. 

Figure 2. The Mycobacterial Cell Wall 
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EARLY EVENTS-PHAGOL YSOSOME FORMATION 

Microbes ingested by macrophages usually proceed through a series of endosomal 
compartments until the late endosome fuses with a lysosome, forming a phagolysosome. 
Lysosomal enzymes are activated by the low pH of endosomes and effect microbial 
killing. Armstrong and Hart in 1971 observed that phagolysosome fusion did not occur 
when macrophages ingested live, virulent M.tuberculosis. Ingested mycobacteria 
proliferated within endosomes, eventually filling the cells to bursting. Heat-killed virulent 
M. tuberculosis, or avirulent strains, did not inhibit lysosomal fusion and were killed 
inside macrophages (19-21). It is now clear that ingested M. tuberculosis can manipulate 
the endosomal environment so that early killing, antigen presentation, and generation of 
an effective immune response are impaired. 
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Decreased acidification - Normally a vesicular proton-ATPase attaches to early 
endosomes, pumping protons into the endosome and lowering intraendosomal pH to < 
5.0;as mentioned above, acidification activates lysosomal enzymes acquired later when 
the endosome fuses with lysosomes (22). Live, but not dead, mycobacteria inhibit 
acidification by preventing endosomal acquisition of the proton-ATPase and the pH of 
mycobacteria-containing endosomes remains at about 6.5 (23). Although the mechanism 
is uncertain the mgtC gene, originally described in Salmonella enterica (another 
intracellular pathogen), may be involved. The mgtC gene is only present in virulent 
mycobacteria and M. tuberculosis lacking mgtC grow poorly in human macrophages and 
in mice. The mgtC gene product facilitates growth in low pH media and is thought to 
pump protons out of mycobacteria-containing endosomes, raising the pH (24). There are 
three important consequences of impaired acidification. M. Tuberculosis killing by 
reactive nitrogen species, which will be reviewed later, is critically dependent on pH and 
does not occur at pH values > 5.0 (25). Effective presentation of mycobacterial antigens 
to T cells depends on an acid endosomal pH; loading of microbial peptide antigens onto 
MHC class II molecules, which present antigen to CD4 helper T cells, requires an acid 
pH, and presentation of mycobacterial glycolipids by CDl to natural killer cells also 
requires an acid-dependant processing step for the removal of the CLIP protein from CDl 
(26,27). Macrophages ingesting M. BCG do not process and present mycobacterial 
antigens on class II MHC molecules and fail to elicit immune responses from human T 
cells (28). The CD 1 pathway is important for eliciting yinterferon production and 
cytotoxic activity against infected macrophages. Lastly lysosomal proteases require acid 
for activity and cannot digest the mycobacterial cell wall in an alkaline milieu. Certain 
cell wall components, such as the 19kD lipoprotein, stimulate a protective Th 1 type 
immune response to M. tuberculosis (29). Interestingly, normal endosomal acidification 
and mycobacterial killing occurs when macrophages are pretreated with a combination of 
LPS andy interferon prior to ingestion of M. tuberculosis (30). 
Endosomal maturation arrest- As the early endosome matures into a late endosome and 
then into a phagolysosome it acquires markers such as the small GTPases RAB 5 and 
7 ,LAMP 1 ,and acid cathepsins from lysosomes. Endosomes containing live M. 
tuberculosis never acquire RAB 7 or lysosomal cathepsins and don't acidify; thus, they 
never mature beyond the early endosome stage (figure 3). 

Figure 3. Endosomal Maturation Arrest 
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M. tuberculosis prevents the normal progression of endosomes to lysosomes by a 
mechanism involving cell membrane cholesterol and an early endosome coat protein 
called TACO, which stands for tryptophan-aspartate containing coat protein. The TACO 
protein interacts with actin and tubulin and promotes endosomal maturation. Normally, 
TACO detaches from the early endosome. The membrane of the M. tuberculosis
containing early endosome contains large amounts of cholesterol, the high cholesterol 
content prevents TACO from detaching, and the retained TACO blocks subsequent 
membrane fusion events in the endosomal pathway (31 -33). Thus M. tuberculosis stays in 
an early endosome compartment, avoiding digestion by bactericidal lysosomal enzymes. 

EARLY EVENTS-NRAMP 1 

Natural resistance associated macrophage protein 1 (NRAMP 1) is a large, 12 
transmembrane domain protein that is rapidly recruited to the early endosome (34). Its 
function is not fully understood but, based on areas of homology with yeast proteins, it 
may be involved in manganese transport out of the endosome and/or nitrite transport (35). 
Manganese may be important for mycobacterial anti-oxidant enzymes such as superoxide 
dismutase and nitrite is mycobacteriacidal. Experiments with nramp knockout mice have 
shown that nramp is important for resistance to a number of intracellular pathogens 
including M. tuberculosis. Mycobacteria infecting NRAMP1 -/- mice proliferate rapidly 
for the first three weeks of the infection, after which time mycobacteria are killed at rates 
similar to those of wild type, NRAMP +I+ animals (36). NRAMP 1 is also involved in 
endosomal acidification through a poorly understood interaction with the proton A TPase. 
The endosomes of Mycobacteria BCG infected, NRAMP -/- murine macrophages fail to 
acidify below a pH of 6.5,compared to a pH of 4-6 seen in NRAMP +I+ macrophages 
(37). Thus NRAMP 1 is important for killing M. tuberculosis during the first three weeks 
of an infection. 

Blacks have long been known to have higher rates of M. tuberculosis infection 
and disease than whites, but it has been difficult to separate the effects of environmental 
factors, such as living conditions and exposure to active TB cases, from genetic 
predisposition (38). Stead et al studied 53,000 residents admitted to 227 racially 
integrated nursing homes in Arkansas during the 1980' s.Skin testing with PPD was 
performed on admission and at yearly intervals. Of the residents who were PPD negative 
on initial testing, 14% of the black residents became infected with M. tuberculosis 
compared to 7% of white residents, and the two-fold difference persisted when all 
relevant variables were accounted for (39). Since diet, housing, and exposure to active 
TB should have been similar for the black and white residents these data suggest that 
blacks have a genetic predisposition to M. tuberculosis infection. The percentage of PPD
positive residents subsequently developing active tuberculosis was the same for both 
races, suggesting that there is no racial difference in development of a cell-mediated 
immune response. Early M. tuberculosis growth is increased in macrophages obtained 
from healthy blacks; after 7 days of in vitro growth, black macrophages contained ten
fold more viable M. tuberculosis than white macrophages (40). Since the NRAMP 1 
protein is involved in early killing of M. tuberculosis, NRAMP 1 mutations may explain 
genetic susceptibility to tuberculosis infection. A recent case-control study of 
tuberculosis in African blacks found that certain NRAMP 1 polymorphisms were 
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Significantly associated with tuberculosis, and some of the African alleles are rarely 
present in whites of European descent ( 41 ). Thus NRAMP 1 variations may play a role in 
tuberculosis susceptibility. 

CELL MEDIATED IMMUNITY - THl, TH2 RESPONSE 

After the initial three week period of unchecked bacterial proliferation within 
macrophages a cell mediated immune response develops. When uncommitted (THO) 
CD4+, T helper cells are stimulated at sites of disease they differentiate into either THI 
or TH2 cells. The presence of certain initiating cytokines determines the type of response; 
IL-4 and 13 drive a TH2 response and IL-12 a THI response. THltrH 2 cells are defined 
by the cytokines they produce. THI cells release interleukins 1, 2, TNF U\nd 
y interferon and TH2 cells release interleukins 4, 5, 10, and 13 . In affected organs the two 
patterns are mutually exclusive because IL-l 0, released by TH2 cells, inhibits TH 1 cells 
and y interferon, produced by THI cells, blocks TH2 cells. In general a THI response 
occurs with intracellular infections while TH2 responses predominate in allergic and 
parasitic diseases ( 42) (figure 4 ). 

Figure 4. TH1, TH2 Interactions 
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The THlffH2 paradigm is useful in understanding tuberculosis because it allows 
investigation of the roles of individual cytokines in host defense and suggests novel 
therapies targeted at bolstering or inhibiting individual cytokines. It is clear that a strong 
TH1 response is critical for controlling tuberculosis and the supporting evidence will be 
reviewed. 
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THl RESPONSE- INTERLEUKIN 12 (IL-12) 

Il-12 is released by activated macrophages and initiates a TH1 immune response. 
Bioactive IL-12 is a heterodimer composed of p35 and p40 subunits, both of which are 
required for activity. The IL-12 receptor is a dimer ofB1 and B2 subunits; only TH1 cells 
express both and can respond to IL-12 by STAT mediated signaling ( 43 ). The importance 
of macrophage-derived IL-12 to a TH 1 response was first demonstrated in 1993 in 
murine Listeria monocytogenes infection ( 44 ). The initiating stimulus for IL-12 in 
tuberculosis is a 19 kD lipoprotein component of the mycobacterial cell wall. In vitro, 
human macrophages exposed to small amounts (nanogram/ml) of the lipoprotein rapidly 
transcribe the IL-12 gene. The response requires digestion of the mycobacterial cell wall 
to release the lipoprotein, the pattern recognition molecule CD 14, and toll-like receptor 2 
on the macrophage (29). The same pathway is used by the well known gram-negative 
microbial lipoprotein LPS. 

IL-12 has two major effects. It drives differentiation of uncommitted, THO T cells 
into TH1 and stimulates yinterferon production by TH1 cells (45). y interferon in turn 
feeds back and stimulates macrophages to produce more IL-12, resulting in local 
amplification of the TH 1 response. The importance of IL-12 has been demonstrated in 
IL-12 knockout mice infected with M. bovis. Lung cells obtained 27 days after infection 
produced no yinterferon, either spontaneously or when stimulated with PPD or LPS. 
Lung cells obtained from infected wild type animals released large amounts of 
y intelferon (figure 5) ( 46). 

Figure 5. y Interferon Production by M. bovis Infected Lung Cells 
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Il-12 is present in humans with active tuberculosis. Pleural effusions, which 
typically occur early during the initiation of cell mediated immunity, contain large 
amounts of bioactive IL-12 as well as two other TH1 cytokines, TNFa andy intelferon 
(47, 48). Missense mutations in the B1 IL-12 receptor subunit have been discovered in 
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patients suffering from severe and recurrent mycobacterial infections. T cells from these 
patients have no IL-12 receptors and they secrete much less y interferon in response to 
PPD. In contrast to patients lacking y interferon, IL-12 receptor deficient patients can 
form granulomas and do not usually die from overwhelming infection, probably because 
there are alternate, TNFa and IL-18 dependent pathways for yinterferon production 
which do not require IL-12 ( 49). However, maximal y interferon production requires IL-
12. 

An IL-12 deficiency may also explain the susceptibility of HIV infected patients 
to tuberculosis. The incidence of tuberculosis is increased 500 times and the risk is high 
even early when CD4 cell counts are normal (50). The risk of developing tuberculosis for 
a PPD + HIV patient, most of whom have CD4 cell counts > 200/mm3

· is 8% per year 
which compares to a lifetime risk of 10% for PPD + non-HIV individuals . Tuberculosis 
in HIV patients is often rapidly progressive and disseminates widely. Although the 
increased risk is usually ascribed to a quantitative CD4 cell defect it may actually be due 
to an excessive TH2 response suppressing THl cells (51). Blood mononuclear cells from 
HIV infected individuals, stimulated in vitro with bacterial antigens, release 90% less IL-
12 than normal, and the IL-12 deficit is present early (52) (figure 6). Production of the 
TH2 cytokine IL-10, the major cytokine suppressing TH 1 cells, is normal in HIV infected 
lymphocytes (53). HIV infected cells also release smaller amounts of the THl cytokines 
y interferon and TNFa when stimulated with PPD antigen, and administration of either 
IL-12 or a neutralizing anti-IL-10 antibody restores TH1 cytokine production to normal 
(54). These observations suggest that HIV infection stimulates a TH2 response, 
suppressing THl cells and predisposing the HIV infected to tuberculosis. Augmenting a 
THl response, either by administration of IL-12 or IL-10 inhibition, may be a useful 
prophylactic or therapeutic strategy. 

Figure 6. IL-12 Production by Normal and HIV Infected Cells 
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THlRESPONSE-yiNTERFERON 

y interferon, produced by TH1 cells and macrophages, is the essential cytokine for 
tuberculosis control. It activates expression of multiple transcription factors, called 
primary response factors, which in turn activate over 200 genes (55,56) (figure 7) 
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Interferon regulatory factor-1 (IRF-1) is particularly important for mycobacterial 
infections; IRF-1 knockout mice develop severe, disseminated disease despite having 
high levels of y interferon, and their macrophages produce minimal amounts of nitric 
oxide (57). Table 1 lists some of the relevant genes regulated by y interferon and 
illustrates how it affects virtually every step of the host response to tuberculosis. 

Table 1. y Interferon Regulated Genes and Their Effects 

GENE 

NRAMP 1 
INOS 

Acid proteases 
MHC class II 

TNFa 
MCP 1 
IL-12 

9 

EFFECT 

Early killing 
Late killing 

Lysosomal digestion 
Antigen presentation 

Monocyte recruitment 
Monocyte recruitment 

TH 1 response 



In vivo data obtained from knockout mice, lacking either they interferon gene or 
its receptor, confirm the critical role of y interferon in tuberculosis. Deficient mice 
completely fail to control even small mycobacterial innocula and rapidly die from 
overwhelming infection . Tissue from these y interferon deficient animals contains poorly 
formed granulomas with lots of mycobacteria and massive necrosis . Circulating nitrite 
(an end product of nitric oxide) and TNFa levels are low (58-60). Pulmonary infection 
with an aerosol of 50 viable M. tuberculosis results in 109 M. tuberculosis per lung fifty 
days later. Wild type mice had 104 M. tuberculosis per lung, a staggering 5 log difference. 
Marked extra-pulmonary dissemination and growth also occurred in the y interferon 
deficient animals (61) (figure 8). 

Figure 8. M. tuberculosis Growth in y Interferon Knockout Mice 
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Total y interferon deficiency has been described in a Maltese family. Affected 
children suffered from severe, fatal mycobacterial infections due to a mutated y interferon 
receptor; the mutation caused a complete absence of the receptor and thus no y interferon 
signaling could occur (62) . Another type of mutation causes a decreased number of 
functional receptors and is associated with milder mycobacterial disease (63). The 
observation that y interferon deficient patients only get infected with mycobacteria 
demonstrates the critical importance of y interferon and the lack of any secondary, non
y interferon mediated mechanisms for mycobacterial killing. In immunocompetent 
tuberculosis patients y interferon production by lung or blood mononuclear cells 
correlates inversely with disease severity; cells obtained from patients with extensive 
radiographic infiltrates or cavities produce less y interferon than cells from patients with 
minimal disease (64,65). 

Given the importance of y interferon and the availability of recombinant 
interferon it has been used to treat patients. Subcutaneous administration to patients 
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infected with disseminated M. avium, and aerosol administration to patients infected with 
multiple drug resistant strains of M. tuberculosis, has resulted in rapid clinical and 
microbiologic responses (66,67). The aerosol route achieves high lung concentrations 
with minimal systemic levels and so is especially appealing for treating pulmonary 
tuberculosis (68). 

THl RESPONSE - TNFa 

In addition to its prominent role in acute bacterial infections TNFa is also involved in 
chronic mycobacterial disease. TNFa, produced by y interferon stimulated macrophages, 
has two effects which seem particularly important for host defense against tuberculosis. 
Early, nitric oxide mediated killing - TNFa signals through NFkB and synergises with 
IRF-1 (produced by y interferon) to rapidly turn on the inducible nitric oxide synthase 
(iNOS) gene . Macrophage derived nitric oxide is very important for killing M. 
tuberculosis. Macrophages obtained from TNFa knockout mice or from mice treated 
with anti-TNFa antibodies have less iNOS and produce less nitric oxide for the first two 
weeks of tuberculosis (69,70). Despite high levels of IL-12 and yinterferon robust 
mycobacterial growth occurs and mortality is high when TNFa is absent. 
Monocyte recruitment and granuloma formation - Granulomas contain large numbers of 
macrophages which originate from blood-borne monocytes. Thus granuloma formation 
depends on recruitment of monocytes into infected tissue sites. TNFa, because it 
upregulates selectin and integrin (ICAM 1) families of adhesion molecules on pulmonary 
endothelial cells, is important for getting monocytes into granulomas (71, 72). TNFa in 
the alveolar space signals nearby endothelial cells through a novel mechanism using TNF 
type 1 receptors on alveolar epithelial cells. TNF bound to its' receptor activates cytosolic 
phospholipase A2, releasing arachidonic acid which signals endothelial cells to express 
adhesion molecules for leukocytes (73). Granulomas from TNFa deficient animals are 
poorly formed, contain few macrophages, have extensive necrosis, and have large 
numbers of mycobacteria, which are often extracellular. The amount of necrosis in 
infected lung or lymph node granulomas is inversely proportional to the amount of 
TNFapresent within the granuloma (74,75). ICAM 1 knockout mice infected with 
aerosolized M. tuberculosis have poorly formed granulomas with massive necrosis and 
die from uncontrolled tuberculosis (76). Thus the resident population of lung 
macrophages is inadequate for controlling pulmonary tuberculosis and TNFais 
necessary for augmenting lung macrophages. 

THl RESPONSE - NITRIC OXIDE AND INDUCIBLE NITRIC OXIDE 
SYNTHASE (iNOS) 

Nitric oxide, originally recognized for its role in cardiovascular regulation and 
neuronal transmission, is essential for host defense against tuberculosis. It is the effector 
molecule of the TH1 response and is responsible for mycobacterial killing. Nitric oxide 
used for host defense comes from macrophages and is produced by a normally quiescent 
enzyme, inducible nitric oxide synthase (iNOS). INOS is maximally expressed when 
macrophages are stimulated with both y interferon and TNFa, and maximally stimulated 
macrophages are capable of churning out large amounts of nitric oxide. In vivo, nitric 
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oxide rapidly diffuses into mycobacteria and reacts with other radicals to form a variety 
of low molecular weight oxidizing compounds called reactive nitrogen intermediates 
(RNI) . Stimulated macrophages also release large amounts of oxygen radicals, which 
react with RNis to form the potent oxidant peroxynitrite (ONOO-). Oxygen radical and 
RNI production are shown on figure 9. 

Figure 9. Oxygen radical and RNI pathways 
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In cell-free systems either nitric oxide (at 90 ppm) or nitrite (N02) rapidly kill M. 
tuberculosis by a variety of mechanisms including lipid peroxidation, tyrosine nitration, 
and DNA breaks (79). Killing by nitrite is pH dependent; 1 mM nitrite is cidal at a pH of 
4.5 but has no effect at a pH of 7.0 (80), so virulent mycobacteria, which can prevent 
endosomal acidification, minimize RNI toxicity. The ability of y interferon activated 
macrophages to kill M. tuberculosis correlates with RNI production and is decreased by 
iNOS inhibitors (25). Alveolar macrophages, obtained from the lungs of patients with 
tuberculosis, strongly express enzymatically active iNOS (81). Virulent M. tuberculosis 
has defenses against RNI-mediated killing. A M. tuberculosis gene called NOXR1 
confers resistance to RNI, and strain-specific resistance of M. tuberculosis to RNI killing 
in vitro correlates with in vivo growth in animals (80,82). By catalyzing the rapid 
conversion of superoxide to hydrogen peroxide, superoxide dismutase limits 
peroxynitrate formation. Growing M. tuberculosis release large amounts of superoxide 
dismutase (83). 

Data from experiments with iNOS knockout mice clearly show the importance of 
RNis for early control of tuberculosis . The iNOS-/- animals all died within 45 days and 
had large numbers of bacteria, compared to iNOS+/+ mice that survived an average of 
150 days (84) (figure 10). 
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Pretreatment of wild type mice with iNOS inhibitors such as 1-NIL or aminoguanidine 
also causes rapid death due to uncontrolled M. tuberculosis growth (85). As shown on 
Figure 11 the iNOS -inhibited mice had 1,000 times more M. tuberculosis in their lungs 
within 27 days. 

Figure 11 . Growth of M. tuberculosis in Mice Pretreated with iNOS Inhibitors 
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Inf. Immunity 63:737, 1995 
INOS deficient animals die from progressive tuberculosis despite having elevated 

levels of both y interferon and TNFcx (84 ). In these murine tuberculosis infections wild 
type, iNOS +I+ animals contain the infection within 28 days and the number of viable 
bacteria declines. When mice with controlled disease are treated fifty days after 
tuberculosis onset with I-NIL or hydrocortisone there is an 80% fall in circulating nitrite 
levels, lung iNOS activity drops, M. tuberculosis begins to proliferate, and the animals 
succumb to active tuberculosis within several weeks. Thus decreased macrophage iNOS 
may be responsible for the transition from latent tuberculosis to reactivation disease. 
Corticosteroids, which are well known to reactivate tuberculosis, decrease iNOS activity 
by reducing translation and increasing iNOS degradation and these effects occur with 
nanomolar steroid concentrations (86). These data demonstrate that macrophage-derived 
RNis are responsible for killing M. tuberculosis during all phases of the infection. 

THl RESPONSE - GRANULOMA FORMATION 

Caseating granulomas, the histologic hallmark of tuberculosis, also reflect the 
intensity of a TH1 response to tuberculosis. In rabbits, the animal species whose 
pathology most resembles human pulmonary tuberculosis, a granuloma forms around a 
single inhaled tubercle bacillus (4). The caseous necrotic granuloma center contains 
bacteria and lipid debris from macrophages which have been ruptured by proliferating 
intracellular mycobacteria. Surrounding the center is a rim of activated macrophages able 
to kill ingested bacteria, and the outermost cells in granulomas are THI type 
lymphocytes. Histochemical examination reveals local TNFcx, IL-12, y interferon, and 
iNOS production by granuloma cells. 

The amount of necrosis in granulomas reflects the mycobactericidal capacity of 
macrophages. A consistent finding in animals with defects in any of the steps of a THl 
response, including IL-12, y interferon, TNFcx, and RNI production, is poorly formed 
granulomas with enlarged necrotic centers; this type of granuloma indicates a poor TH1 
response and the center contains many more bacteria than a well formed granuloma with 
little or no necrosis (87). Figure 12 contrasts the morphology of "good" and "bad" 
granulomas. 
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PROGRESSIVE PRIMARY TUBERCULOSIS 
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Normally a strong THl response controls a primary infection, resulting in robust 
granuloma formation, a decline in the number of bacteria, and no clinically evident 
disease. The patient is infected but asymptomatic and enters into a latent phase of 
tuberculosis. Progressive primary tuberculosis occurs when the THl response is 
inadequate. Table 2 lists some of the salient clinical features. 

Table 2. Progressive Primary Tuberculosis 

• Lower lobe infiltrate with ipsilateral hilar adenopathy 
• Cavitation rare, especially in HIV infected patients 
• Pleural effusion occurs in 30% 
• AFB sputum smears usually negative 
• PPD often negative, especially in patients with effusions 

Progressive primary disease occurs in the very young and old, immunosuppressed 
patients, and HIV infected patients. The diagnosis is often missed or delayed because the 
chest radiograph doesn't resemble the usual picture of an upper lobe, cavitary infiltrate 
most physicians associate with tuberculosis. Primary tuberculosis is usually misdiagnosed 
as a bacterial pneumonia and the diagnosis should always be considered when patients 
fail to improve after antibiotic therapy for a presumed bacterial pneumonia. The presence 
of hilar adenopathy is a useful radiographic clue, since adenopathy is unusual in routine 
bacterial pneumonia. When imaged on a chest CT scan tubercular adenopathy has a 
contrast-enhanced rim surrounding a large area of central necrosis (88). Sputum smears 
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are almost always AFB negative because the patients' bacillary burden is low and to 
visualize M. tuberculosis on a sputum smear requires > 10 4 bacteria/mi. Pleural effusions 
are exudates containing many lymphocytes and < 5% mesothelial cells (89) . Patients with 
effusions often have negative PPD skin tests because most of the PPD-reactive 
lymphocytes are in the pleural fluid; after a one month delay the lymphocytes reenter the 
circulation and a repeat PPD will be positive (90). 

Progressive primary tuberculosis is increasing in geriatric patients, and the 
socioeconomic reasons for the increase are interesting. The number of elderly in the 
United States is steadily increasing and due to improved public health and living 
conditions record numbers of old people are PPD negative. Debilitated old people with 
impaired immune responses get placed in nursing homes, which are excellent places for 
spreading airborne M. tuberculosis, and PPD negative old folk with impaired TH1 
responses get progressive primary tuberculosis . One well-described epidemic occurred in 
an Arkansas nursing home from which only 12% of the residents were PPD positive on 
admission. The index case was a "gregarious" 72 year old who infected 47 of his 104 
neighbors (45%). Eight of the 47 developed progressive primary tuberculosis before the 
epidemic was recognized (91). Frequent PPD testing and a high index of suspicion are 
indicated when caring for nursing home residents (92). 

LATENT PHASE TUBERCULOSIS 

The result of a successful TH1 response is a truce but not a victory. During 
latency the number of tuberculosis bacteria is decreased to the extent that acid fast 
bacteria are difficult to find when granulomas obtained from infected patients are 
examined (93). During the first two years of latency the risk of active tuberculosis is 
about 5% and then falls to about 0.3% per year; overall, the lifetime risk for an 
immunocompetent individual is 10%. Thus, most infected people keep M. tuberculosis in 
check and never develop active disease. 

Although M. tuberculosis spends most of its time in the latent phase very little is 
known about latency. This will likely change as methods for detecting in vivo gene 
expression are applied to tuberculosis . Because few viable bacteria are present during 
latency patients can be successfully treated with one drug. Since a year of isoniazid cures 
latent tuberculosis latent phase bacteria are dividing (isoniazid targets an enzyme 
involved in cell wall production) but only a fraction of the population are active at any 
one time (shorter periods of isoniazid administration are less effective). In vivo, 
stationary phase M . tuberculosis express alternative sigma factors and small heat shock 
proteins which help maintain bacterial viability under nutrient-limited conditions (94,95). 
Recent evidence also suggests that latent bacteria switch metabolic pathways to make 
glucose. Isocitrate lyase (ICL) is an enzyme of the glyoxalate cycle which converts fatty 
acids to glucose. ICL is not produced by rapidly growing M. tuberculosis but is produced 
after three weeks of an in vivo infection. M. tuberculosis lacking ICL grow normally for 
the first three weeks of a murine infection but then begin to die off; sixteen weeks later 
there is a 100 fold decrease in the number of ICL -/- bacteria (96) (figure 13). BeG
activated macrophages release large amounts of fatty acids and granulomas are lipid-rich, 
so latent phase M. tuberculosis adapt to the granuloma environment and utilize lipids as 
substrate (97) . Since the three dimensional structure of ICL is known, specific inhibitors 
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such as 3-brompyruvate exist, and humans do not have a glyoxalate cycle ICL inhibitors 
could potentially be used as drugs to kill latent tuberculosis. 

Figure 13. Growth of ICL Negative M. tuberculosis (filled circles) in Murine Lung 
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REACTIVATION TUBERCULOSIS 

Reactivation disease occurs when the TH1 response, which had previously kept 
bacteria in check within granulomas, fails. Risk factors for reactivation include old age, 
chronic renal failure, immunosuppressive disease such as HIV infection or lymphoma, 
and corticosteroid therapy. As M. tuberculosis proliferates granulomas enlarge and the 
solid center begins to liquefy. At this stage granulomas contain tremendous numbers of 
bacteria, up to 10 9 bacteria/ml (98,99). Reactivation disease has a marked predilection for 
the posterior and apical upper lobe segments but spares the anterior upper lobe segment 
(figure 14). This upper lobe predominance probably retlects the importance of oxygen for 
maximal tuberculosis growth; alveolar oxygen tension is high (130 mmHg) at lung apices 
due to the high ventilation/ratios there. Macrophages recruited to the enlarging 
granulomas release matrix metalloproteinases 1 and 9 which digest surrounding lung 
tissue (100). Eventually granulomas rupture into airways, releasing large numbers of 
mycobacteria which then infect others. Sputum obtained from patients with cavitary 
disease is usually tloridly smear-positive because it contains well over 10 4 bactetia!ml. 
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Figure 14. Segmental Distribution of Cavities in 204 Tuberculosis Patients 
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EARLY DIAGNOSIS OF TUBERCULOSIS 

Rapid diagnosis is usually made by performing a Ziehl-Neelsen or Kinyoun stain 
to demonstrate acid-fast bacteria in sputum. Because a positive AFB smear requires a 
large number of bacteria smears are insensitive compared to sputum culture, but culture 
requires at least two weeks. PCR based sputum tests potentially allow rapid, sensitive, 
and highly specific diagnosis; atypical mycobacteria, which are AFB smear positive and 
cannot be distinguished morphologically from M. tuberculosis, should be PCR negative 
since PCR probes only hybridize with M. tuberculosis. The AMPLICOR and Gen-probe 
tests are both commercially available, detect M. tuberculosis-specific ribosomal DNA 
sequences, and are highly sensitive and specific for when used to test smear-positive 
tuberculosis cases (101). Unfortunately PCR is less sensitive when applied to patients in 
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whom the test would be most helpful- the smear-negative suspected tuberculosis patient, 
in whom PCR is only 40- 77% sensitive (102,103). In one series from Cook County 
Hospital in Chicago, in which the prevalence of tuberculosis was 32%, the AMPLICOR 
test had a sensitivity of 53%, positive predictive value of 67%, and negative predictive 
value of 89% (104). Similar results have been seen at Parkland Hospital. Of 161 smear
negative sputum samples sent for PCR and culture the sensitivity of PCR was 55% and 
the positive predictive value 75% (data obtained from Rita Gander, PhD). These results 
indicate that a negative PCR result cannot exclude tuberculosis in populations having a 
high prevalence of the disease. 
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