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Summary:

Tuberculosis (TB) continues to be a major threat to global health. Cavitation is a dangerous 

consequence of pulmonary TB associated with poor outcomes, treatment relapse, higher 

transmission rates, and development of drug resistance. However, in the antibiotic era, cavities are 

often identified as the extreme outcome of treatment failure and are one of the least-studied 

aspects of TB. Here, we review the epidemiology, clinical features, and concurrent standards of 

care for individuals with cavitary TB. We also discuss recent developments in our understanding 

of TB cavities as dynamic physical and biochemical structures that interface the host response 

with a unique mycobacterial niche to drive TB-associated morbidity and transmission. Advances 

in preclinical models and noninvasive imaging can provide valuable insights into the drivers of 

cavitation. These insights will guide the development of specific pharmacological interventions to 

prevent cavitation and improve lung function for individuals with TB.

Introduction: The hole problem

Tuberculosis (TB) was responsible for an estimated 1·4 million deaths in 2018 and is among 

the leading causes of morbidity and mortality worldwide.1 Cavitation is a seminal event and 

a key pathological feature of human TB. It has negative implications not only for the patient 

- associated with poor treatment outcomes, including delayed sputum culture conversion, 
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relapse after treatment, and development of drug resistance - but is also a public health 

threat, since cavitation greatly increases the risk of person-to-person transmission.2,3

A perfect storm of factors combines within the cavity to drive increased transmission, 

morbidity, and mortality (figure 1). In the most accepted model for TB cavity formation, the 

necrotic center of a granulomatous lung abscess erodes into an airway while some necrotic 

debris remains inside the newly formed cavity.4 Phagocytes and granulocytes penetrate 

poorly into these necrotic areas creating an immune-sheltered zone of bacterial growth. High 

oxygen levels within the cavity also provide a rich environment with high rates of bacterial 

replication leading to a large bacillary burden at the inner edge of the cavity (107-109 

bacilli), estimated to be a hundred thousand times higher than in necrotic TB lesions.5–7 

Rapid bacterial proliferation increases the frequency of replication-induced mutations and 

the likelihood of developing drug resistance.8–14 These concentrated bacilli are poised to be 

expelled out of the lungs through the bronchial tree during transmission events. Finally, the 

inner contents of cavities are also poorly vascularized which limits the penetration of anti-

mycobacterial drugs and may further promote selection for drug-resistant mutants.15–18

Apart from providing a growth niche, cavity airspace is also not useful for respiration. 

During cavity formation, both the basement membrane and alveolar architecture are 

permanently destroyed. Even after successful TB treatment, TB cavities can persist, leading 

to lifelong pulmonary deficits and recurrent opportunistic infections.19

In this review, we discuss recent developments in our understanding of TB cavities as 

dynamic physical and biochemical structures that interface the host response with a unique 

mycobacterial niche to drive TB-associated morbidity and transmission.

The clinical importance and epidemiology of TB cavities

Estimated rates of cavitary TB at the time of diagnosis range from 29 to 87%.3,20–25 

However, these rates could be overestimated as cavitary patients are more likely to have 

positive sputum samples, and thus easier to diagnose. Similarly, while chest radiography is a 

clinical standard in TB diagnostics, it may underestimate the presence of cavitation 

compared to computed tomography (CT) scans.26 Rates of cavitation are higher in diabetic 

patients,10,27 but lower with poorly managed HIV co-infection (although increased 

cavitation is seen after six months of antiretroviral therapy)28, transplant recipients, and 

elderly patients.29,30 Finally, the differences in risk of cavitation attributed to infection by 

different M. tuberculosis strains (e.g., Beijing genotype) are still unclear.10,31–33

Cavitary TB carries a poor prognosis. There is a higher risk of treatment failure and relapse 

if cavities are radiographically present during the first two months of therapy.2 Then, if 

cavities persist after six months of treatment, the risk of relapse doubles compared to those 

whose cavities close by treatment completion.34 The association between cavitation and 

relapse could be attributable to poor drug penetration into the poorly vascularized cavity. 

Alternatively, cavitation could be a marker for high bacillary burden from extensive disease.2 

Cavitary TB may also result in life-threatening sequelae (e.g., Rasmussen aneurysm).35
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Individuals with cavitary disease are also a risk to their community and contacts. Higher 

bacterial burdens were detected in sputum samples from cavitary TB patients,3 and both the 

presence of cavities and their proximity to an airway correlated with increased coughing 

during anti-TB treatment.36,37 Therefore, cavitary TB patients with higher bacterial burden 

are more likely to aerosolize and release M. tuberculosis leading to more transmission 

events.38 Outbreak and case studies suggest that cavities are the likely pathophysiologic 

driver behind TB super-spreaders.39,40 However, there is no consensus on the exact 

contribution of individuals with cavitary TB to the total volume of transmission events, and 

the need for selective isolation precautions based on individualized radiographic findings is 

still debated. One possible research avenue to address this knowledge gap is to build upon 

computational models of TB epidemiology using prevalence estimates for cavitary TB with 

stratified case-specific transmission risks to resolve the potential benefits of isolation 

precautions for patients with cavitary disease.41

The architecture of a cavity

A TB cavity is a pathologic gas-filled space in the lung parenchyma with a border, or wall, 

which was caused by infection with a pathogen of the M. tuberculosis complex.42 Among 

TB cavities, there is heterogeneity in size, morphology, and wall-composition, which can be 

evaluated non-invasively by radiological images and by post-mortem analysis of gross 

appearance or histologic characteristics.

Imaging

Non-invasive anatomical imaging (e.g., X-ray and CT) allows cavities to be evaluated 

according to size (correlated with the extent of disease), shape, and wall thickness (figure 

2A).43 Despite common belief, radiographic imaging is unable to reliably determine the age 

of a cavity.44–46 The radiological manifestation of TB cavities is heterogeneous, with some 

patients having single or multiple cavities, surrounded by a consolidation, fibronodular, or 

mixed pattern. Upper lobe cavities are commonly seen in immunocompetent adults, while 

cavities in the lower lobes associated with adenopathy and pleural effusions are commonly 

found in children and immunocompromised adults. Multiple adjoining small cavities can 

also fuse together to produce a large cavity.26 Thicker cavity walls are associated with higher 

concentrations of bacilli in sputum, while thinner walls are usually observed after successful 

treatment.43 Air-fluid levels are seen in 10%-20% of TB cavities, and endobronchial spread 

(small nodules distant to the cavity) is also evident in 10-20% of cases (figure S1).47

Most TB cavities occur in the apical or posterior segments of the superior lobes and, in 

smaller numbers, the upper segments of the inferior lobes. We analyzed the location and size 

of 287 cavities in CT scans of 143 patients with cavitary TB from the National Institutes of 

Health TB Portals Database. We found that 58% of all the cavities were localized in the 

apical segments, while 21% were located in the inferior lobes, with a distribution pattern 

similar to those previously reported (figure 2, figure S2, appendix).48,49 While most large 

cavities occur in the lung apices, some can also be found in the upper segments of the 

inferior lobes, and smaller nodular cavities occur throughout the lungs (figure 2C).49 

Historically, this distribution toward ‘vulnerable regions’ at the apices of the lungs was 
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attributed to reduced vascular supply, higher oxygen tension, and impaired lymphatic 

drainage in these regions compared to the inferior lobes.50,51 However, the actual 

mechanism behind apically-oriented TB cavitation is still poorly understood.52,53

Gross appearance

The superficial surface of the lungs from individuals with pulmonary TB appears studded 

with areas of pneumonia that have a beige color (figure 2D, figure S3). Some areas appear as 

discrete and well-circumscribed nodules, the classic appearance of a proliferative lesion. 

Other areas are large and physically change the appearance and texture of an entire lung 

region or lobe and exemplify an exudative lesion. Some pneumonic nodules may contain 

cavities, but most cavities are usually not visually identifiable by looking at the surface of 

the lung.

When a cavity-containing lung lesion is dissected, an open space at the center identifies a 

cavity. Two distinct textures of wall material can often be identified as part of the wall. The 

inner surface of the cavity is often composed of caseum composed of bright-white material 

with a friable consistency similar to, or more liquid than, blue cheese, which can be easily 

removed from the cavity and is rich in cholesterol, cholesterol esters, triacylglycerols, and 

lactosylceramides (figure S4).54 The remainder of the wall is located more peripheral to the 

cavity and usually has a dull color and stiff texture. This material cannot be easily removed 

and forms the stiff structure of the cavity wall.

Histologic patterns

The wall of a TB cavity typically contains three regions (figure 2E), though there is 

significant heterogeneity in the size and composition of these regions both within a single 

cavity and between different cavities. This heterogeneity may be related to many factors, 

including immune status, age of the cavity, size of the cavity, and anatomical location of the 

cavity.

First, at the boundary between normal-appearing lung tissue and the cavity wall begins a 

region of granulomatous pneumonia where the underlying alveoli, vasculature, and lung-

tissue remains intact (GPA), though filled with inflammatory cells including activated 

macrophages and clusters of lymphocytes that sometimes form a more defined lymphocytic 

cuff encircling the cavity. Organized tertiary lymphoid follicles, composed of antigen-

presenting cells, CD8+, CD4+, and B lymphocytes, are also found within the GPA and the 

surrounding lung tissue.55 Second, moving towards the interior surface of the cavity wall is a 

region of granulomatous pneumonia where the alveolar structure and basement membrane 

are effaced (GPE). Fibroblasts are present and participate in pathologic collagen remodeling. 

Greater amounts of fibrosis are commonly associated with older lesions. Intracellular 

mycobacteria are found sporadically within macrophages throughout the GPE.9 Third, along 

the interior surface of the cavity wall is a layer of necrotic cellular debris (NL), which is the 

microscopic identity of grossly visible caseum. The morphological type of necrosis can 

include elements of both caseous necrosis and liquefactive necrosis (figure S4). The border 

between the GPE and the NL is marked by the depletion of extracellular fibrotic filaments 

leaving the NL devoid of basement member or fibrotic matrix. Finally, the NL typically 
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contains high concentrations of extracellular mycobacteria and some mononuclear cells with 

lymphoid morphology.9

Experimental models of tuberculosis cavitation

Modeling cavities for preclinical studies is challenging since cavities are the consequence of 

complex and heterogeneous host-pathogen interactions (figure 3). Multiple animal models 

have been developed and each has advantages. The rate of cavitation exhibited by each 

model is an important parameter for experimental design and power calculations, but the 

variability in bacterial strains used, methods of infection, implantation doses, disease 

incubation periods, and readouts make comparisons between models difficult (table S1).

Non-human primate (NHP) models

M. tuberculosis-infected NHPs (cynomolgus and rhesus macaques, and common marmosets) 

demonstrate all of the major pathologic landmarks of TB including cavitation.56 The 

reported incidence of cavitary TB in NHP models ranges from zero to 63% (table S1). 

However, few studies use NHPs as an exclusive model for cavitation. Via et al. showed that 

cavitary disease in common marmosets hindered bacterial clearance during chemotherapy, 

especially when a suboptimal drug combination was used for treatment.57 This experimental 

study supports many population-based findings demonstrating cavitary disease as a risk 

factor for treatment failure and provides a tractable NHP model to further investigate the 

mechanistic drivers linking cavitation and treatment outcomes.

NHPs are an extensively validated pathologic and immunologic model for TB. Advantages 

include being amenable to high-resolution imaging studies and having the availability of 

many optimized immunological reagents.58 However, the cost of experiments with NHPs 

could be a limiting factor where power calculations show that large numbers of animals are 

needed for experiments in which less than 50% of study animals develop cavities.

Rabbit models

Similar to NHPs, rabbits infected by aerosolized M. tuberculosis develop a spectrum of 

lesions similar to human disease, including cavities.59 Early studies used trans-thoracic 

injections to identify the cavity-inducing chemical constituents of the M. tuberculosis 
bacillus.60,61 Subsequently, Converse et al. characterized cavitation in rabbits following 

aerosol exposure to M. bovis and showed a correlation between infective dose and the 

frequency of cavitation.62 However, reliable cavitation in the M. tuberculosis aerosol-

infected rabbit model was scarce. Recently, Urbanowski et al. reported a variation on the 

rabbit aerosol model based on serial low-dose (~500 bacilli) aerosol exposures showing a 

higher incidence of cavitation (60-80%) compared with a single exposure (15-25%).63 The 

results on this model support population studies identifying repetitive exposure as an 

epidemiological risk-factor for cavitation,64 and provide an additional experimental tool for 

generating cavities in rabbits at higher rates.

Another well-established rabbit cavitary TB model uses bronchoscope instillation and 

generates cavities at targeted lung foci one month after infection in nearly 100% of the 

rabbits.65 A salient difference between published models for bronchoscope instillation in 
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rabbits versus NHPs is that a high-burden inoculum is employed in rabbits to generate 

cavities (104 bacilli) compared to general NHP infection models where many use < 30 

bacilli (table S1).66,67 Therefore, the infection and early events toward cavitation in the 

rabbit bronchial instillation model are highly artificial and may not be appropriate for studies 

on the natural pathogenesis of cavities. Nevertheless, cavities generated by bronchial 

instillation in rabbits have the major structural hallmarks of TB cavities and may be the best 

model for studying extensive apical cavitation and in pharmacokinetic studies.68

Overall, the rabbit model offers a robust, flexible, and cost-effective system for investigating 

cavitation. As with NHPs, rabbits are relatively outbred leading to heterogeneity in the 

disease response. The lungs of rabbits are also large enough for high-resolution imaging 

studies. However, the lack of immunological reagents is a major drawback to this model.

Mouse models

Until recently, mice had been overlooked as models of cavitary TB because laboratory 

mouse strains do not exhibit caseation or cavitation following infection with M. tuberculosis. 

Beginning in 1998, Kramnik et al. and others observed that the C3HeB/FeJ mouse strain 

developed necrotic and hypoxic inflammatory lesions that were more similar to human TB 

lesions than traditional mouse models.69–71 Initial reports of occasional cavitation in 

C3HeB/FeJ mice led to further investigation of their potential use as a cavitary TB model. 

Ordonez et al. used this mouse strain to develop and characterize it as a model of cavitary 

TB.72 Cavities were observed in 47-61% of the M. tuberculosis-infected mice (table S1), 

and displayed many of the histologic hallmarks of human cavities including matrix 

destruction, collagen remodeling, multinucleated giant cells, and an interior necrotic layer 

with a high extracellular bacillary concentration.72

Although recently characterized, mouse models of cavitary TB offer many advantages 

including genetic manipulation, a large variety of immunologic reagents, large numbers of 

cavities per experiment, and reduced costs over rabbits and NHPs. However, the large 

bacterial burden in the necrotic lesions of the C3HeB/FeJ mouse model of cavitary TB does 

not always represent the heterogeneity observed in human pathology, which can confound 

the analysis of some drivers of the cavitation process. Similarly, the small size of the lung 

may limit the utility of mice in studies focused on the biophysics of cavitation.

The pathogenic drivers of cavitation.

The process by which TB cavities form is still debated. Serial radiological observations 

suggest that TB cavities arise from pre-existing hyperdense lung regions that erode into 

adjacent airways.4,26,63,72–74 This inference is supported by histological observations 

showing structural homology between the walls of cavities and necrotic granulomas. These 

studies also identify central necrosis and extracellular matrix (ECM) depletion as 

morphological changes required for cavitation.63,72,74,75 However, an alternative and 

possibly concomitant cavitation process could arise from obstructive bronchopneumonia.76

Cavity formation is the conversion of immune accessible lung tissue to immune sheltered 

surfaces continuous with the external environment. We consider TB cavitation as a complex 

Urbanowski et al. Page 6

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phenotype driven by biochemical, biophysical, immunological, and microbiological 

processes, which have important roles during the different stages of cavitation and therefore 

could be targeted for prevention of extensive lung destruction, disease transmission, and the 

emergence of drug-resistance.

Biochemical drivers

Proteolytic depletion of the ECM in the lung is necessary for TB cavitation, but the 

biochemical events leading to cavitation occur in two sequential steps. First, pathologic 

matrix remodeling occurs throughout pre-fibrotic granulomas and within the GPE region of 

cavities when the alveolar tissue is effaced and replaced by fibroblast deposited fibrotic 

matrix. The loss of basement membrane causes irreversible damage to the lung and is 

probably driven by immune cells moving toward the center of the granuloma which secrete 

matrix-remodeling proteases to aid in migration. In the second step and focused at the 

boundary between the GPE and the NL region, a dramatic depletion of extracellular fibrotic 

fibrils is tightly coupled with extensive necrosis. In the absence of an extracellular scaffold, 

either basement membrane or fibrosis, caseous necrotic debris can be evacuated with little 

mechanical resistance during the formation of a cavity.

Since the 1960s, when Dannenberg et al. reported enzymes capable of hydrolyzing proteins 

present in the necrotic lesions of M. tuberculosis-infected rabbits, multiple biochemical 

drivers of ECM destruction in cavitary TB have been described.77–79 More recently, host-

expressed extracellular collagenases, such as matrix metalloproteinases (MMPs) and 

cysteine cathepsins, have been described as key mediators of the ECM degradation that 

precedes cavitation in TB (figure 4A).80–82 Higher expression of the MMP-1, 3, 7, 8, 9, 12, 

13, and the cysteine cathepsin K have been described at the wall of TB cavities and 

granulomas.54,65,72,81,83 Hypoxia augments monocyte and neutrophil MMP secretion acting 

through the hypoxia inducible factor (HIF)-1α transcription factor, an important regulator of 

the host response to oxygen deprivation.84 Elevated concentrations of MMP-1, 2, 3, 8, and 9 

have also been reported in respiratory fluids from pulmonary TB patients and correlate with 

severity of disease and number of cavities.82,83,85,86 However, despite experimental and 

observational evidence linking extracellular collagenases to lung destruction and cavitation, 

several translational studies aimed at selectively blocking the activity of the collagenase 

MMPs failed to prevent cavitation.63,87 MMPs likely play complex roles in immune 

signaling and vascular permeability within TB lesions. While a recent report suggests that 

inhibiting MMPs improves drug delivery during treatment in a non-necrotizing/non-

cavitating pulmonary TB mouse model, its effect on vascular permeability of necrotic 

granulomas, and cavitation still remains to be elucidated.88

The identity of the biochemical effectors of ECM destruction in TB remains one of the 

greatest unresolved mediators of cavitation. Identifying the primary mediators of TB-driven 

tissue destruction in necrotic granulomas is critical for the development of specific 

pharmacological interventions to prevent cavitation and lung destruction without interfering 

with the beneficial aspects of the immune response.
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Biophysical drivers

A possible physical determinant of cavitation is proximity to an airway. Not every necrotic 

lesion cavitates, and this could be due to the lack of access to an airway leading to an 

inability to evacuate its caseous contents into the bronchial tree and form a cavity. Nagasawa 

et al. investigated the relationship between cavity size and bronchial drainage and found that 

larger cavities were drained by larger bronchi, suggesting that the size of the pre-cavity 

focus must match an appropriately sized airway for cavitation to occur.89 Similarly, 

increased air pressure inside the cavity from a caseous one-way-valve between the cavity 

and the draining bronchus may lead to the initial cavity formation (figure 4B).90–92 

However, while a positive-pressure model may explain early cavitation events, many large 

cavities have open connections between the cavity-space and the draining bronchus. The 

preferred location of cavities in the lung apices could also have a role in cavity formation. In 

addition to receiving the highest relative ventilation, the apices of the human lung are also 

the site of the highest mechanical stress. Recently, Ihms et al. suggested that the pull of lung-

tissue at the periphery of the cavity wall also aides during cavity formation and growth.93

The biophysical mechanisms of large-cavity growth remain largely unresolved and further 

investigations are required to evaluate tissue-level biophysical changes that could be 

contributing to cavity formation and subsequent enlargement. For instance, the combined 

influence of vascular necrosis and increased oxygen demand from immune cell influx within 

large granulomas may create a hypoxic environment focused at the center of a lesion which 

drives central necrosis in the pre-cavity nodule.94,95

Microbial drivers

While many infectious and non-infectious diseases can form lung cavities, TB causes an 

especially high rate of cavitation.42 Since M. tuberculosis is dependent on aerosolization for 

transmission, the bacillus may have evolved specific virulence factors that promote 

cavitation.96 However, there is little evidence that intrinsic molecules of M. tuberculosis are 

capable of directly mediating tissue destruction leading to cavitation. Rather, most models 

propose that M. tuberculosis causes cavities indirectly by promoting an immune response 

that leads to cavitation. A possible exception is the recent characterization of tuberculosis 

necrotizing toxin which induces host-cell necrosis.97 There are also some suggestions of 

heterogeneity in the ability to cause tissue destruction among M. tuberculosis strains. 

Bacteria isolated from efficient TB spreaders can lead to more necrosis and lesions that 

resemble caseating granulomas when used to infect mice, compared to bacilli isolated from 

inefficient TB spreaders.98

Earlier studies by Yamamura and colleagues evaluated the cavity-forming properties of 

purified components of the mycobacterial cell wall by trans-thoracically injecting milligram 

quantities of M. tuberculosis directly into the lungs of rabbits.60,61 The combined injection 

of M. tuberculosis or M. bovis cell wall protein mixed with a mycobacterial long branched-

chain fatty acid glycolipid, such as trehalose 6,6′-dimycolate (TDM), was able to cause 

cavities in rabbits (figure 4C). Immunogenic proteins like ESAT-6, encoded by genes of 

virulent M. tuberculosis-complex, but lost from the BGC genome, are known to promote 

granuloma formation.99 Similarly, TDM stimulates macrophages to release pro-
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inflammatory cytokines leading to fibrosis and necrosis. In one possible mechanistic model, 

the protein fraction leads to the acquisition of cell-mediated immunity and the recruitment of 

lymphocytes to drive granuloma enlargement, while the glycolipid cell-wall provides a 

digestion-resistant hydrophobic substrate leading to caseous necrosis.100,101

Immunological drivers

The innate immunity plays a major role in the host’s response to M. tuberculosis. 

Macrophages are the first line of defense and their response can either control the infection 

or favor its development.102 While there is extensive data describing the role of the innate 

immune response in pulmonary TB, there is still more work to be done to better understand 

its role leading to cavitation. Necrosis is associated with cavitation in many processes (e.g. 

squamous cell carcinoma, pyogenic lung abscess).103 Similarly, the relative tendency toward 

cell necrosis over apoptosis during the inflammatory response to M. tuberculosis infection is 

a likely factor affecting cavitation.104,105 Therefore, cell-signaling pathways that favor 

necrosis over apoptosis could also bias the inflammatory response toward cavity formation. 

While normal M. tuberculosis-infected mouse strains do not cavitate, C3HeB/FeJ mice have 

macrophages that preferentially undergo necrosis rather than apoptosis, thereby reducing 

their ability to control multiplication of M. tuberculosis and leading to the possibility of 

cavitation.69,72,106

The adaptive immune response also plays a role in cavitation.75,105 Cavitary TB patients 

have decreased total CD4+ lymphocytes but increased proportion of Th2 lymphocytes 

compared to non-cavitary controls.107,108 An emerging model suggests that a Th2 cytokine, 

pro-fibrotic adaptive immune response predominates in cavitary TB patients (figure 4D, 

table S2).104,109 Therefore, the onset of the host-protective Treg response during chronic 

infection may be an Achilles’ heel of the anti-TB immune response leading to cavity 

formation and disease transmission. Higher levels of TNFα, IL-6, and IL-1β measured in 

bronchoalveolar lavage of pulmonary TB patients correlates with cavitary disease.110–112 

Increased LTA4H and TNF-α have also been described in the cellular borders of caseous 

granulomas and cavities while being less abundant in non-necrotizing granulomas.75 In 

humans, neutrophils may also play a major role in cavity formation.83,113–115 An alternative 

hypothesis propose that severe TB is the result of a progressive immune response to 

mycobacterial antigens.116–118 These hypotheses are supported experimentally in the rabbit 

model and epidemiologically by Comstock et al’s investigations associating strong 

tuberculin reactivity with a greater risk for severe TB.62,119

Mycobacterial ecology at the cavity wall

One of the most intriguing perspectives on cavitation considers the internal surface of the 

cavity as a biofilm.120,121 A biofilm is a microbial community growing on a biotic or abiotic 

surface within a self-assembled polymeric matrix. For bacilli at the cavity surface, caseum of 

the cavity wall acts as a protective matrix for growth and dissemination. The outstanding 

concession in this model is that caseum is not strictly self-assembled, but rather results from 

pathogen-induced host-cell necrosis at the cavity surface. However, in many other ways, M. 
tuberculosis’ niche within cavity caseum behaves as a biofilm.
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The caseum is a substrate for bacilli in different states of metabolic dormancy and active 

replication.122,123 Although predominately studied in vitro or in non-cavitating necrotic 

granulomas; oxygen, and nutrient gradients throughout the NL likely control hypoxia 

responses, sigma factor expression, and the mycobacterial stringent response leading to a 

three-dimensional organization of bacteria in different metabolic and transcriptional states.
124–129 While necrotic granulomas are known to be hypoxic, the increased oxygen tension 

within the caseum of newly formed cavities also likely activates resuscitation-promoting 

factors to drive bacillary replication and disease transmission.123,130 The caseous niche also 

provides protection to M. tuberculosis. Since caseum is devoid of vascularization, drug 

penetration is dependent on diffusion which can lead to subinhibitory concentrations of 

some anti-TB compounds.131 Moreover, caseum is a strong binding environment and further 

limits the availability of some drugs. Together with reduced access of the immune system to 

necrotic areas, these conditions promote genetic diversification and the acquisition of drug 

resistance, which are also hallmarks of biofilms.9,11,132

Bacilli present in caseum are mostly extracellular and exhibit altered cell wall biochemistry.
133 Although unproven in vivo, M. tuberculosis seems to preferentially grow in caseum as 

genetically regulated necrosis-associated extracellular clusters to enhance persistence, 

reduce antibiotic susceptibility, and promote transmission events.134,135 Therefore, the 

ultrastructural identity of M. tuberculosis biofilms in vivo could also be clusters and cords 

bacilli growing within the favorable caseous environment at the inner edge of the cavity.

Many aspects of microbial ecology within the cavity remain unstudied, probably because of 

the difficulty in modeling TB cavities and obtaining specimens. However, with the recent 

advances in modeling, it is now possible to conduct detailed studies on bacterial physiology 

and growth-state within cavities. For instance, transcriptional and proteomic studies on 

bacteria in caseum may help resolve conserved metabolic pathways and gene-level 

regulatory networks necessary for proliferation, persistence, and transmission within 

necrotic debris.

Clinical management of cavitary TB

Historically, surgery has been one of the main treatment options for cavitary TB.136,137 

Surgical interventions for cavitary TB focus on methods to resect or collapse the cavities 

(e.g. artificial pneumothorax, phrenic nerve crush, extra-pleural pneumolysis, plombage, and 

thoracoplasty), or by resecting lung regions containing the cavity.138 Although many of 

these interventions where pioneered before the introduction of TB chemotherapy, 

observational studies suggest that pulmonary resection combined with anti-TB 

chemotherapy for MDR-TB can achieve high success rates.136,137,139 Current World Health 

Organization guidelines suggest using surgery for drug-resistant TB early in the course of 

the disease when the patient’s risk of additional morbidity and mortality is low.140 However, 

the lack of randomized controlled trials evaluating surgical treatments for cavitary TB limits 

the interpretation of these results and its widespread implementation.138

Antibiotic treatment recommendations for cavitary TB build upon those for non-cavitary 

TB. Since evidence of cavitation on the initial chest radiograph is a risk factor for relapse,
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2,141,142 current guidelines, based on expert opinion, suggest that patients with cavitation on 

an initial chest radiograph and with positive cultures following two months of therapy 

should receive a seven-month continuation phase (total of nine months of treatment). An 

extended three-month continuation phase is also recommended for any patient with at least 

one cavity on a follow-up radiograph.143 Finally, due to the apparent suboptimal penetration 

of rifapentine into the cavity wall, the option for once-weekly rifapentine dosing during 

continuation phase is restricted to noncavitary patients.2,68,144,145

Recent studies have investigated the penetration of anti-TB drugs into the cavity wall.
17,68,132 Some anti-TB drugs like pyrazinamide, distribute homogenously throughout the 

cavity wall with levels similar to those in plasma.17,146 However, other drugs have limited 

penetration leading to impaired treatment and increased risk of developing drug-resistance.
7,132 These results suggest that drug penetration into cavitary lesions should be a 

consideration when selecting anti-TB drugs for clinical trials and treatment regimens should 

be optimized for patients with cavitary disease.

Healing of TB cavities

Between 20-50% of cavitary TB patients have persistent cavities after completion of anti-TB 

treatment.147 However, the healing response is incomplete and results in fibrotic scarring 

which can lead to open (cavity airspace remains) or closed healing (cavity resolved to scar 

tissue or calcified foci).148,149 Open healing leads to a higher risk of secondary colonization 

of the cavity, mostly by fungal pathogens (e.g. Aspergillus fumigatus), but additional 

research is needed to evaluate the relationship between persistent cavities and increased risk 

or worse disease with other co-infections.

The mechanism of cavity closure is poorly understood. Coryllos suggested that complete 

caseous occlusion of the draining bronchus resulted in cavity collapse followed by fibrotic 

scarring due to atelectasis and reduced partial oxygen pressure within the cavity, hindering 

the growth of M. tuberculosis.91,92 Recently, Corbetta et al. used surgically implanted 

endobronchial one-way valves to cause regional hypoventilation with subsequent 

improvement in cavitary disease.150 However, additional research is needed to determine the 

utility of these procedures. Regeneration of functional pulmonary tissue is the ultimate goal 

of TB cavity treatment, but this is a challenging paradigm since the lung is composed of a 

complex tree of alveoli, bronchi, and blood vessels created in the context of the fetal lung.

Conclusion

Cavitary TB is a fundamental event in TB pathogenesis and a key driver of disease 

transmission and poor outcomes. Unfortunately, cavitation is one of the least-studied aspects 

of the disease. Recent advances in preclinical modeling of cavities provide valuable tools 

and insight toward understanding cavitary TB. However, there are still many questions that 

need to be answered. Novel interventions and stratified chemotherapy treatment regimens 

should be optimized for patients with cavitary disease. The cornerstone of these efforts must 

be stronger multidisciplinary collaborations aimed at reducing the worldwide burden of 

cavitary TB.
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Search strategy and selection criteria:

We searched PubMed and Google Scholar for articles and books, using combinations of the 

search terms “tuberculosis”, “cavities”, “cavity”, and “cavitary”. Results were not restricted 

to clinical data, were without language restrictions, and published any date before March 3, 

2019. Relevant articles resulting from these searches and references cited in those articles 

were reviewed. Preference for inclusion in this Review was given to the latest evidence from 

publications within the past 10 years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

We would like to thank Dr. Eric Nuermberger and Dr. Elizabeth Ihms for thoughtful discussions and insight into the 
pathogenesis of cavitary TB. We also gratefully acknowledge Marjorie Winslow Kehoe and the archival team at the 
Alan Mason Chesney Medical Archives of the Johns Hopkins Medical Institutions.

Funding:

Drs. Jain and Ordonez received support from the National Institutes of Health (Director’s Transformative Research 
Award R01-EB020539, R01-HL131829, R01-EB025985, R56-AI145435, and R21-AI149760). Dr. Bishai received 
support from NIH (R21-AI127311, R01-AI37856, and R01-HL133190). The funders had no role in study design, 
data collection and analysis, decision to publish, or preparation of the manuscript.

References

1. Global tuberculosis report 2019. Geneva: World Health Organization, 2019.

2. Benator D, Bhattacharya M, Bozeman L, et al. Rifapentine and isoniazid once a week versus 
rifampicin and isoniazid twice a week for treatment of drug-susceptible pulmonary tuberculosis in 
HIV-negative patients: a randomised clinical trial. Lancet 2002; 360(9332): 528–34. [PubMed: 
12241657] 

3. Palaci M, Dietze R, Hadad DJ, et al. Cavitary disease and quantitative sputum bacillary load in cases 
of pulmonary tuberculosis. Journal of clinical microbiology 2007; 45(12): 4064–6. [PubMed: 
17928422] 

4. Dannenberg AM Jr. Pathogenesis of human pulmonary tuberculosis: insights from the rabbit model. 
Washington: ASM Press; 2006.

5. Canetti G The tubercle bacillus in the pulmonary lesion of man: histobacteriology and its bearing on 
the therapy of pulmonary tuberculosis: Springer Publishing Company; 1955.

6. Grosset J Mycobacterium tuberculosis in the extracellular compartment: an underestimated 
adversary. Antimicrobial agents and chemotherapy 2003; 47(3): 833–6. [PubMed: 12604509] 

7. Ordonez AA, Wang H, Magombedze G, et al. Dynamic imaging in patients with tuberculosis reveals 
heterogeneous drug exposures in pulmonary lesions. Nature Medicine 2020.

8. Yoder MA, Lamichhane G, Bishai WR. Cavitary pulmonary tuberculosis: the Holy Grail of disease 
transmission. Current science 2004: 74–81.

9. Kaplan G, Post FA, Moreira AL, et al. Mycobacterium tuberculosis growth at the cavity surface: a 
microenvironment with failed immunity. Infection and immunity 2003; 71(12): 7099–108. 
[PubMed: 14638800] 

10. Zhang L, Pang Y, Yu X, et al. Risk factors for pulmonary cavitation in tuberculosis patients from 
China. Emerging microbes & infections 2016; 5(10): e110. [PubMed: 27729644] 

11. Vadwai V, Daver G, Udwadia Z, Sadani M, Shetty A, Rodrigues C. Clonal population of 
Mycobacterium tuberculosis strains reside within multiple lung cavities. PloS one 2011; 6(9): 
e24770. [PubMed: 21935462] 

Urbanowski et al. Page 12

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Howard W, Maresh F, Mueller E, Yannixelli S, Woodruff C. The role of pulmonary cavitation in 
the development of bacterial resistance to streptomycin. American Review of Tuberculosis and 
Pulmonary Diseases 1949; 59(4): 391–401.

13. Kempker RR, Rabin AS, Nikolaishvili K, et al. Additional drug resistance in Mycobacterium 
tuberculosis isolates from resected cavities among patients with multidrug-resistant or extensively 
drug-resistant pulmonary tuberculosis. Clinical Infectious Diseases 2011; 54(6): e51–e4. 
[PubMed: 22198790] 

14. Moreno-Gamez S, Hill AL, Rosenbloom DI, Petrov DA, Nowak MA, Pennings PS. Imperfect drug 
penetration leads to spatial monotherapy and rapid evolution of multidrug resistance. Proceedings 
of the National Academy of Sciences 2015: 201424184.

15. Ulrichs T, Kaufmann SH. New insights into the function of granulomas in human tuberculosis. The 
Journal of Pathology 2006; 208(2): 261–9. [PubMed: 16362982] 

16. Dartois V The path of anti-tuberculosis drugs: from blood to lesions to mycobacterial cells. Nature 
Reviews Microbiology 2014; 12(3): 159–67. [PubMed: 24487820] 

17. Prideaux B, Via LE, Zimmerman MD, et al. The association between sterilizing activity and drug 
distribution into tuberculosis lesions. Nature medicine 2015; 21(10): 1223.

18. Haapanen JH, Kass I, Gensini G, Middlebrook G. Studies on the gaseous content of tuberculous 
cavities. Am Rev Respir Dis 1959; 80(1, Part 1): 1–5.

19. Chakaya J, Kirenga B, Getahun H. Long term complications after completion of pulmonary 
tuberculosis treatment: A quest for a public health approach. Journal of Clinical Tuberculosis and 
Other Mycobacterial Diseases 2016; 3: 10–2.

20. Wilcke J, Askgaard D, Jensen BN, Døssing M. Radiographic spectrum of adult pulmonary 
tuberculosis in a developed country. Respiratory medicine 1998; 92(3): 493–7. [PubMed: 
9692111] 

21. Gomes M, Saad R Jr, Stirbulov R. Pulmonary tuberculosis: relationship between sputum 
bacilloscopy and radiological lesions. Revista do Instituto de Medicina Tropical de São Paulo 
2003; 45(5): 275–81. [PubMed: 14743668] 

22. Andreu J, Caceres J, Pallisa E, Martinez-Rodriguez M. Radiological manifestations of pulmonary 
tuberculosis. European journal of radiology 2004; 51(2): 139–49. [PubMed: 15246519] 

23. Woodring JH, Vandiviere HM, Fried AM, Dillon ML, Williams TD, Melvin IG. Update: the 
radiographic features of pulmonary tuberculosis. AJR Am J Roentgenol 1986; 146(3): 497–506. 
[PubMed: 3484866] 

24. Miller WT, Miller WT Jr. Tuberculosis in the normal host: radiological findings. Semin Roentgenol 
1993; 28(2): 109–18. [PubMed: 8516687] 

25. Woodring JH, Vandiviere HM, Fried AM, Dillon ML, Williams TD, Melvin IG. Update: the 
radiographic features of pulmonary tuberculosis. American Journal of Roentgenology 1986; 
146(3): 497–506. [PubMed: 3484866] 

26. Im JG, Itoh H, Shim YS, et al. Pulmonary tuberculosis: CT findings--early active disease and 
sequential change with antituberculous therapy. Radiology 1993; 186(3): 653–60. [PubMed: 
8430169] 

27. Chiang C-Y, Lee J-J, Chien S-T, et al. Glycemic control and radiographic manifestations of 
tuberculosis in diabetic patients. PloS one 2014; 9(4): e93397. [PubMed: 24699457] 

28. Munthali L, Khan PY, Mwaungulu NJ, et al. The effect of HIV and antiretroviral therapy on 
characteristics of pulmonary tuberculosis in northern Malawi: a cross-sectional study. BMC 
Infectious Diseases 2014; 14(1): 107. [PubMed: 24568242] 

29. Pereira M, Gazzoni FF, Marchiori E, et al. High-resolution CT findings of pulmonary 
Mycobacterium tuberculosis infection in renal transplant recipients. The British Journal of 
Radiology 2016; 89(1058): 20150686. [PubMed: 26607644] 

30. Chamie G, Luetkemeyer A, Walusimbi-Nanteza M, et al. Significant variation in presentation of 
pulmonary tuberculosis across a high resolution of CD4 strata. The International Journal of 
Tuberculosis and Lung Disease 2010; 14(10): 1295–302. [PubMed: 20843421] 

31. Parwati I, Alisjahbana B, Apriani L, et al. Mycobacterium tuberculosis Beijing genotype is an 
independent risk factor for tuberculosis treatment failure in Indonesia. The Journal of infectious 
diseases 2010; 201(4): 553–7. [PubMed: 20064071] 

Urbanowski et al. Page 13

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Sun Y-J, Lim T, Ong AKY, Ho BCH, Seah GT, Paton NI. Tuberculosis associated with 
Mycobacterium tuberculosis Beijing and non-Beijing genotypes: a clinical and immunological 
comparison. BMC infectious diseases 2006; 6(1): 105. [PubMed: 16820066] 

33. Lazzarini LCO, Spindola SM, Bang H, et al. RDRio Mycobacterium tuberculosis Infection Is 
Associated with a Higher Frequency of Cavitary Pulmonary Disease. Journal of Clinical 
Microbiology 2008; 46(7): 2175–83. [PubMed: 18463217] 

34. Hamilton CD, Stout JE, Goodman PC, et al. The value of end-of-treatment chest radiograph in 
predicting pulmonary tuberculosis relapse. Int J Tuberc Lung Dis 2008; 12(9): 1059–64. [PubMed: 
18713505] 

35. Madansein R, Parida S, Padayatchi N, et al. Surgical treatment of complications of pulmonary 
tuberculosis, including drug-resistant tuberculosis. Int J Infect Dis 2015; 32: 61–7. [PubMed: 
25809758] 

36. Proaño A, Bui DP, López JW, et al. Cough Frequency During Treatment Associated With Baseline 
Cavitary Volume and Proximity to the Airway in Pulmonary TB. Chest 2018; 153(6): 1358–67. 
[PubMed: 29559307] 

37. Hales CM, Heilig CM, Chaisson R, et al. The Association between Symptoms and 
Microbiologically Defined Response to Tuberculosis Treatment. Annals of the American Thoracic 
Society 2013; 10(1): 18–25. [PubMed: 23509328] 

38. Turner RD, Chiu C, Churchyard GJ, et al. Tuberculosis Infectiousness and Host Susceptibility. The 
Journal of Infectious Diseases 2017; 216 (suppl_6): S636–S43. [PubMed: 29112746] 

39. Walker TM, Ip CLC, Harrell RH, et al. Whole-genome sequencing to delineate Mycobacterium 
tuberculosis outbreaks: a retrospective observational study. The Lancet Infectious Diseases 2013; 
13(2): 137–46. [PubMed: 23158499] 

40. Gardy JL, Johnston JC, Sui SJH, et al. Whole-Genome Sequencing and Social-Network Analysis 
of a Tuberculosis Outbreak. New England Journal of Medicine 2011; 364(8): 730–9. [PubMed: 
21345102] 

41. Dowdy DW, Azman AS, Kendall EA, Mathema B. Transforming the Fight Against Tuberculosis: 
Targeting Catalysts of Transmission. Clinical Infectious Diseases 2014; 59(8): 1123–9. [PubMed: 
24982034] 

42. Gadkowski LB, Stout JE. Cavitary Pulmonary Disease. Clinical Microbiology Reviews 2008; 
21(2): 305–33. [PubMed: 18400799] 

43. Ors F, Deniz O, Bozlar U, et al. High-resolution CT Findings in Patients With Pulmonary 
Tuberculosis: Correlation With the Degree of Smear Positivity. Journal of Thoracic Imaging 2007; 
22(2): 154–9. [PubMed: 17527119] 

44. Rozenshtein A, Hao F, Starc MT, Pearson GDN. Radiographic Appearance of Pulmonary 
Tuberculosis: Dogma Disproved. American Journal of Roentgenology 2015; 204(5): 974–8. 
[PubMed: 25905930] 

45. Geng E, Kreiswirth B, Burzynski J, Schluger NW. Clinical and radiographic correlates of primary 
and reactivation tuberculosis: a molecular epidemiology study. Jama 2005; 293(22): 2740–5. 
[PubMed: 15941803] 

46. Koh W-J, Jeong YJ, Kwon OJ, et al. Chest radiographic findings in primary pulmonary 
tuberculosis: observations from high school outbreaks. Korean journal of radiology 2010; 11(6): 
612–7. [PubMed: 21076586] 

47. Krysl J, Korzeniewska-Kosela M, Müller NL, FitzGerald JM. Radiologic features of pulmonary 
tuberculosis: an assessment of 188 cases. Can Assoc Radiol J 1994; 45(2): 101–7. [PubMed: 
8149264] 

48. Leung AN. Pulmonary Tuberculosis: The Essentials. Radiology 1999; 210(2): 307–22. [PubMed: 
10207408] 

49. Opie EL. The Focal Pulmonary Tuberculosis Of Children And Adults. The Journal of 
Experimental Medicine 1917; 25(6): 855–76. [PubMed: 19868127] 

50. Goodwin RA, Des Prez RM. Apical localization of pulmonary tuberculosis, chronic pulmonary 
histoplasmosis, and progressive massive fibrosis of the lung. Chest 1983; 83(5): 801–5. [PubMed: 
6839825] 

Urbanowski et al. Page 14

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. Medlar EM. The Pathogenesis of Minimal Pulmonary Tuberculosis. A Study of 1,225 Necropsies 
in Cases of Sudden and Unexpected Death. American Review of Tuberculosis and Pulmonary 
Diseases 1948; 58(6): 583–611.

52. Balasubramanian V, Wiegeshaus EH, Taylor BT, Smith DW. Pathogenesis of tuberculosis: pathway 
to apical localization. Tuber Lung Dis 1994; 75(3): 168–78. [PubMed: 7919306] 

53. Esmail H, Barry C, Young D, Wilkinson R. The ongoing challenge of latent tuberculosis. Phil 
Trans R Soc B 2014; 369(1645): 20130437. [PubMed: 24821923] 

54. Kim MJ, Wainwright HC, Locketz M, et al. Caseation of human tuberculosis granulomas correlates 
with elevated host lipid metabolism. EMBO molecular medicine 2010; 2(7): 258–74. [PubMed: 
20597103] 

55. Ulrichs T, Kosmiadi GA, Trusov V, et al. Human tuberculous granulomas induce peripheral 
lymphoid follicle-like structures to orchestrate local host defence in the lung. J Pathol 2004; 
204(2): 217–28. [PubMed: 15376257] 

56. Scanga CA, Flynn JL. Modeling Tuberculosis in Nonhuman Primates. Cold Spring Harbor 
Perspectives in Medicine 2014; 4(12).

57. Via LE, England K, Weiner DM, et al. A sterilizing tuberculosis treatment regimen is associated 
with faster clearance of bacteria in cavitary lesions in marmosets. Antimicrobial agents and 
chemotherapy 2015; 59(7): 4181–9. [PubMed: 25941223] 

58. Lin PL, Coleman T, Carney JP, et al. Radiologic Responses in Cynomolgus Macaques for 
Assessing Tuberculosis Chemotherapy Regimens. Antimicrobial agents and chemotherapy 2013; 
57(9): 4237–44. [PubMed: 23796926] 

59. Lurie MB. Resistance to tuberculosis; experimental studies in native and acquired defensive 
mechanisms. Cambridge,: Published for the Commonwealth Fund by Harvard University Press; 
1964.

60. Yamamura Y, Maeda H, Ogawa Y, Hashimoto T. Experimental pulmonary cavity formation by 
mycobacterial components and synthetic adjuvants. Microbiology and immunology 1986; 30(11): 
1175–87. [PubMed: 3807794] 

61. Maeda H, Yamamura Y, Ogawa Y, Maeda J, Yamamura Y. Mycobacterial antigens relating to 
experimental pulmonary cavity formation. American Review of Respiratory Disease 1977; 115(4): 
617–23. [PubMed: 403839] 

62. Converse PJ, Dannenberg AM, Estep JE, et al. Cavitary tuberculosis produced in rabbits by 
aerosolized virulent tubercle bacilli. Infection and immunity 1996; 64(11): 4776–87. [PubMed: 
8890239] 

63. Urbanowski ME, Ihms EA, Bigelow K, Kubler A, Elkington PT, Bishai WR. Repetitive Aerosol 
Exposure Promotes Cavitary Tuberculosis and Enables Screening for Targeted Inhibitors of 
Extensive Lung Destruction. J Infect Dis 2018; 218(1): 53–63. [PubMed: 29554286] 

64. Lee RS, Proulx JF, Menzies D, Behr MA. Progression to tuberculosis disease increases with 
multiple exposures. Eur Respir J 2016; 48(6): 1682–9. [PubMed: 27824599] 

65. Kübler A, Luna B, Larsson C, et al. Mycobacterium tuberculosis dysregulates MMP/TIMP balance 
to drive rapid cavitation and unrestrained bacterial proliferation. The Journal of Pathology 2015; 
235(3): 431–44. [PubMed: 25186281] 

66. Jassal MS, Nedeltchev GG, Osborne J, Bishai WR. A modified scoring system to describe gross 
pathology in the rabbit model of tuberculosis. BMC Microbiol 2011; 11: 49. [PubMed: 21375756] 

67. Nedeltchev GG, Raghunand TR, Jassal MS, Lun S, Cheng QJ, Bishai WR. Extrapulmonary 
dissemination of Mycobacterium bovis but not Mycobacterium tuberculosis in a bronchoscopic 
rabbit model of cavitary tuberculosis. Infect Immun 2009; 77(2): 598–603. [PubMed: 19064634] 

68. Rifat D, Prideaux B, Savic RM, et al. Pharmacokinetics of rifapentine and rifampin in a rabbit 
model of tuberculosis and correlation with clinical trial data. Science translational medicine 2018; 
10(435): eaai7786. [PubMed: 29618565] 

69. Pan H, Yan BS, Rojas M, et al. Ipr1 gene mediates innate immunity to tuberculosis. Nature 2005; 
434(7034): 767–72. [PubMed: 15815631] 

70. Harper J, Skerry C, Davis SL, et al. Mouse model of necrotic tuberculosis granulomas develops 
hypoxic lesions. J Infect Dis 2012; 205(4): 595–602. [PubMed: 22198962] 

Urbanowski et al. Page 15

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



71. Driver ER, Ryan GJ, Hoff DR, et al. Evaluation of a mouse model of necrotic granuloma formation 
using C3HeB/FeJ mice for testing of drugs against Mycobacterium tuberculosis. Antimicrob 
Agents Chemother 2012; 56(6): 3181–95. [PubMed: 22470120] 

72. Ordonez AA, Tasneen R, Pokkali S, et al. Mouse model of pulmonary cavitary tuberculosis and 
expression of matrix metalloproteinase-9. Disease models & mechanisms 2016; 9(7): 779–88. 
[PubMed: 27482816] 

73. Behr MA, Waters WR. Is tuberculosis a lymphatic disease with a pulmonary portal? The Lancet 
infectious diseases 2014; 14(3): 250–5. [PubMed: 24268591] 

74. Dannenberg AM Jr, Sugimoto M. Liquefaction of caseous foci in tuberculosis. American Lung 
Association; 1976.

75. Marakalala MJ, Raju RM, Sharma K, et al. Inflammatory signaling in human tuberculosis 
granulomas is spatially organized. Nature medicine 2016; 22(5): 531.

76. Hunter RL, Actor JK, Hwang S-A, Karev V, Jagannath C. Pathogenesis of Post Primary 
Tuberculosis: Immunity and Hypersensitivity in the Development of Cavities. Annals of Clinical 
& Laboratory Science 2014; 44(4): 365–87. [PubMed: 25361920] 

77. Dannenberg AM, Bennett WE. Hydrolytic Enzymes Of Rabbit Mononuclear Exudate Cells: I. 
Quantitative Assay and Properties of Certain Proteases, Non-Specific Esterases, and Lipases of 
Mononuclear and Polymorphonuclear Cells and Erythrocytes. The Journal of cell biology 1964; 
21(1): 1–13. [PubMed: 14154492] 

78. Carson ME, Dannenberg AM. Hydrolytic enzymes of rabbit mononuclear exudate cells: II. 
Lysozyme: Properties and quantitative assay in tuberculous and control inbred rabbits. The Journal 
of Immunology 1965; 94(1): 99–104. [PubMed: 14253529] 

79. McAdoo MH, Dannenberg AM, Hayes CJ, James SP, Sanner JH. Inhibition of the cathepsin D-
type proteinase of macrophages by pepstatin, a specific pepsin inhibitor, and other substances. 
Infection and immunity 1973; 7(4): 655–65. [PubMed: 4586863] 

80. Elkington P, Shiomi T, Breen R, et al. MMP-1 drives immunopathology in human tuberculosis and 
transgenic mice. The Journal of clinical investigation 2011; 121(5): 1827–33. [PubMed: 
21519144] 

81. Kubler A, Larsson C, Luna B, et al. Cathepsin K Contributes to Cavitation and Collagen Turnover 
in Pulmonary Tuberculosis. The Journal of Infectious Diseases 2016; 213(4): 618–27. [PubMed: 
26416658] 

82. Ong CW, Elkington PT, Friedland JS. Tuberculosis, pulmonary cavitation, and matrix 
metalloproteinases. American journal of respiratory and critical care medicine 2014; 190(1): 9–18. 
[PubMed: 24713029] 

83. Ong CW, Elkington PT, Brilha S, et al. Neutrophil-derived MMP-8 drives AMPK-dependent 
matrix destruction in human pulmonary tuberculosis. PLoS pathogens 2015; 11(5): e1004917. 
[PubMed: 25996154] 

84. Rohlwink UK, Walker NF, Ordonez AA, et al. Matrix metalloproteinases in pulmonary and central 
nervous system tuberculosis—a review. International journal of molecular sciences 2019; 20(6): 
1350.

85. Ugarte-Gil CA, Elkington P, Gilman RH, et al. Induced sputum MMP-1,-3 &-8 concentrations 
during treatment of tuberculosis. PloS one 2013; 8(4): e61333. [PubMed: 23613834] 

86. Walker NF, Clark SO, Oni T, et al. Doxycycline and HIV infection suppress tuberculosis-induced 
matrix metalloproteinases. American journal of respiratory and critical care medicine 2012; 
185(9): 989–97. [PubMed: 22345579] 

87. Ordonez AA, Pokkali S, Sanchez-Bautista J, et al. Matrix Metalloproteinase Inhibition in a Murine 
Model of Cavitary Tuberculosis Paradoxically Worsens Pathology. The Journal of Infectious 
Diseases 2018.

88. Xu Y, Wang L, Zimmerman MD, et al. Matrix metalloproteinase inhibitors enhance the efficacy of 
frontline drugs against Mycobacterium tuberculosis. PLOS Pathogens 2018; 14(4): e1006974. 
[PubMed: 29698476] 

89. Nagasawa N, Yamashita M, Okamoto H. Studies on the Relationship between Pulmonary 
Tuberculous Cavities and Draining Bronchi, by Injecting Acrylic Resin. Acta Tuberculosea 
Japonica 1953; 3(2): 35–47. [PubMed: 13197137] 

Urbanowski et al. Page 16

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



90. Eloesser L Blocked cavities in pulmonary tuberculosis. Journal of Thoracic Surgery 1937; 7: 1–22.

91. Coryllos PN. Physics applied to tuberculosis. Journal of the Franklin Institute 1935; 220(3): 287–
304.

92. Coryllos PN. The Mechanics and Biology of Tuberculosis Cavities. The American Review of 
Tuberculosis 1936; 33(b): 639–60.

93. Ihms EA, Urbanowski ME, Bishai WR. Diverse Cavity Types and Evidence that Mechanical 
Action on the Necrotic Granuloma Drives Tuberculous Cavitation. Am J Pathol 2018; 188(7): 
1666–75. [PubMed: 29753789] 

94. Via LE, Lin PL, Ray SM, et al. Tuberculous granulomas are hypoxic in guinea pigs, rabbits, and 
nonhuman primates. Infect Immun 2008; 76(6): 2333–40. [PubMed: 18347040] 

95. Datta M, Via LE, Chen W, et al. Mathematical Model of Oxygen Transport in Tuberculosis 
Granulomas. Ann Biomed Eng 2016; 44(4): 863–72. [PubMed: 26253038] 

96. Barry CE 3rd, Boshoff HI, Dartois V, et al. The spectrum of latent tuberculosis: rethinking the 
biology and intervention strategies. Nat Rev Microbiol 2009; 7(12): 845–55. [PubMed: 19855401] 

97. Sun J, Siroy A, Lokareddy RK, et al. The tuberculosis necrotizing toxin kills macrophages by 
hydrolyzing NAD. Nat Struct Mol Biol 2015; 22(9): 672–8. [PubMed: 26237511] 

98. Verma S, Bhatt K, Lovey A, et al. Transmission phenotype of Mycobacterium tuberculosis strains 
is mechanistically linked to induction of distinct pulmonary pathology. PLOS Pathogens 2019; 
15(3): e1007613. [PubMed: 30840702] 

99. Volkman HE, Pozos TC, Zheng J, Davis JM, Rawls JF, Ramakrishnan L. Tuberculous granuloma 
induction via interaction of a bacterial secreted protein with host epithelium. Science 2010; 
327(5964): 466–9. [PubMed: 20007864] 

100. Hunter RL, Olsen MR, Jagannath C, Actor JK. Multiple roles of cord factor in the pathogenesis of 
primary, secondary, and cavitary tuberculosis, including a revised description of the pathology of 
secondary disease. Annals of Clinical & Laboratory Science 2006; 36(4): 371–86. [PubMed: 
17127724] 

101. Sakamoto K, Kim MJ, Rhoades ER, et al. Mycobacterial trehalose dimycolate reprograms 
macrophage global gene expression and activates matrix metalloproteinases. Infection and 
immunity 2013; 81(3): 764–76. [PubMed: 23264051] 

102. de Martino M, Lodi L, Galli L, Chiappini E. Immune response to Mycobacterium tuberculosis: a 
narrative review. Frontiers in Pediatrics 2019; 7: 350. [PubMed: 31508399] 

103. Kumar V, Abbas AK, Aster JC. Lung. Robbins Basic Pathology. 10 ed. Philadelphia, 
Pennsylvania: Elsevier; 2018.

104. Dheda K, Booth H, Huggett JF, Johnson MA, Zumla A, Rook GA. Lung remodeling in 
pulmonary tuberculosis. The Journal of infectious diseases 2005; 192(7): 1201–10. [PubMed: 
16136463] 

105. Ravimohan S, Kornfeld H, Weissman D, Bisson GP. Tuberculosis and lung damage: from 
epidemiology to pathophysiology. European Respiratory Review 2018; 27(147): 170077. 
[PubMed: 29491034] 

106. Pichugin AV, Yan B-S, Sloutsky A, Kobzik L, Kramnik I. Dominant role of the sst1 locus in 
pathogenesis of necrotizing lung granulomas during chronic tuberculosis infection and 
reactivation in genetically resistant hosts. The American journal of pathology 2009; 174(6): 
2190–201. [PubMed: 19443700] 

107. van Crevel R, Karyadi E, Preyers F, et al. Increased production of interleukin 4 by CD4+ and 
CD8+ T cells from patients with tuberculosis is related to the presence of pulmonary cavities. 
The Journal of infectious diseases 2000; 181(3): 1194–7. [PubMed: 10720554] 

108. Mazzarella G, Bianco A, Perna F, et al. T lymphocyte phenotypic profile in lung segments 
affected by cavitary and non-cavitary tuberculosis. Clinical & Experimental Immunology 2003; 
132(2): 283–8. [PubMed: 12699418] 

109. Harris J, De Haro SA, Master SS, et al. T helper 2 cytokines inhibit autophagic control of 
intracellular Mycobacterium tuberculosis. Immunity 2007; 27(3): 505–17. [PubMed: 17892853] 

110. Tsao TC, Hong J-h, Li L-F, Hsieh M-J, Liao S-K, Chang KS. Imbalances between tumor necrosis 
factor-α and its soluble receptor forms, and interleukin-1β and interleukin-1 receptor antagonist 

Urbanowski et al. Page 17

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in BAL fluid of cavitary pulmonary tuberculosis. Chest 2000; 117(1): 103–9. [PubMed: 
10631206] 

111. Casarini M, Ameglio F, Alemanno L, et al. Cytokine levels correlate with a radiologic score in 
active pulmonary tuberculosis. American journal of respiratory and critical care medicine 1999; 
159(1): 143–8. [PubMed: 9872832] 

112. Elkington PT, Green JA, Emerson JE, et al. Synergistic up-regulation of epithelial cell matrix 
metalloproteinase-9 secretion in tuberculosis. American journal of respiratory cell and molecular 
biology 2007; 37(4): 431–7. [PubMed: 17575075] 

113. Eum S-Y, Kong J-H, Hong M-S, et al. Neutrophils are the predominant infected phagocytic cells 
in the airways of patients with active pulmonary TB. Chest 2010; 137(1): 122–8. [PubMed: 
19749004] 

114. Ramos-Kichik V, Mondragón-Flores R, Mondragón-Castelán M, et al. Neutrophil extracellular 
traps are induced by Mycobacterium tuberculosis. Tuberculosis 2009; 89(1): 29–37. [PubMed: 
19056316] 

115. Kaplan MJ, Radic M. Neutrophil extracellular traps: double-edged swords of innate immunity. 
The Journal of Immunology 2012; 189(6): 2689–95. [PubMed: 22956760] 

116. Elkington P, Tebruegge M, Mansour S. Tuberculosis: An Infection-Initiated Autoimmune 
Disease? Trends Immunol 2016; 37(12): 815–8. [PubMed: 27773684] 

117. Olive AJ, Sassetti CM. Tolerating the Unwelcome Guest; How the Host Withstands Persistent 
Mycobacterium tuberculosis. Front Immunol 2018; 9: 2094. [PubMed: 30258448] 

118. Divangahi M, Khan N, Kaufmann E. Beyond Killing Mycobacterium tuberculosis: Disease 
Tolerance. Front Immunol 2018; 9: 2976. [PubMed: 30619333] 

119. Comstock GW, Livesay VT, Woolpert SF. The prognosis of a positive tuberculin reaction in 
childhood and adolescence. Am J Epidemiol 1974; 99(2): 131–8. [PubMed: 4810628] 

120. Dutta NK, Karakousis PC. Latent Tuberculosis Infection: Myths, Models, and Molecular 
Mechanisms. Microbiology and Molecular Biology Reviews : MMBR 2014; 78(3): 343–71. 
[PubMed: 25184558] 

121. Basaraba RJ, Ojha AK. Mycobacterial Biofilms: Revisiting Tuberculosis Bacilli in Extracellular 
Necrotizing Lesions. Microbiology Spectrum 2017; 5(3).

122. Lenaerts AJ, Hoff D, Aly S, et al. Location of Persisting Mycobacteria in a Guinea Pig Model of 
Tuberculosis Revealed by R207910. Antimicrobial Agents and Chemotherapy 2007; 51(9): 
3338–45. [PubMed: 17517834] 

123. Rosser A, Stover C, Pareek M, Mukamolova GV. Resuscitation-promoting factors are important 
determinants of the pathophysiology in Mycobacterium tuberculosis infection. Critical Reviews 
in Microbiology 2017; 43(5): 621–30. [PubMed: 28338360] 

124. Rustad TR, Harrell MI, Liao R, Sherman DR. The Enduring Hypoxic Response of 
Mycobacterium tuberculosis. PLoS ONE 2008; 3(1).

125. Wayne LG, Hayes LG. An in vitro model for sequential study of shiftdown of Mycobacterium 
tuberculosis through two stages of nonreplicating persistence. Infect Immun 1996; 64(6): 2062–
9. [PubMed: 8675308] 

126. Sherman DR, Voskuil M, Schnappinger D, Liao R, Harrell MI, Schoolnik GK. Regulation of the 
Mycobacterium tuberculosis hypoxic response gene encoding alpha -crystallin. Proc Natl Acad 
Sci U S A 2001; 98(13): 7534–9. [PubMed: 11416222] 

127. Avarbock A, Avarbock D, Teh JS, Buckstein M, Wang ZM, Rubin H. Functional regulation of the 
opposing (p)ppGpp synthetase/hydrolase activities of RelMtb from Mycobacterium tuberculosis. 
Biochemistry 2005; 44(29): 9913–23. [PubMed: 16026164] 

128. Klinkenberg LG, Lee JH, Bishai WR, Karakousis PC. The stringent response is required for full 
virulence of Mycobacterium tuberculosis in guinea pigs. J Infect Dis 2010; 202(9): 1397–404. 
[PubMed: 20863231] 

129. Kaushal D, Schroeder BG, Tyagi S, et al. Reduced immunopathology and mortality despite tissue 
persistence in a Mycobacterium tuberculosis mutant lacking alternative sigma factor, SigH. Proc 
Natl Acad Sci U S A 2002; 99(12): 8330–5. [PubMed: 12060776] 

Urbanowski et al. Page 18

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



130. Mukamolova GV, Turapov O, Malkin J, Woltmann G, Barer MR. Resuscitation-promoting factors 
reveal an occult population of tubercle Bacilli in Sputum. Am J Respir Crit Care Med 2010; 
181(2): 174–80. [PubMed: 19875686] 

131. Sarathy JP, Zuccotto F, Hsinpin H, et al. Prediction of Drug Penetration in Tuberculosis Lesions. 
ACS Infectious Diseases 2016; 2(8): 552–63. [PubMed: 27626295] 

132. Dheda K, Lenders L, Magombedze G, et al. Drug penetration gradients associated with acquired 
drug resistance in tuberculosis patients. American journal of respiratory and critical care 
medicine 2018; (ja).

133. Ryan GJ, Hoff DR, Driver ER, et al. Multiple M. tuberculosis phenotypes in mouse and guinea 
pig lung tissue revealed by a dual-staining approach. PLoS One 2010; 5(6): e11108. [PubMed: 
20559431] 

134. Orme IM. A new unifying theory of the pathogenesis of tuberculosis. Tuberculosis (Edinb) 2014; 
94(1): 8–14. [PubMed: 24157189] 

135. Wong KW, Jacobs WR Jr. Postprimary Tuberculosis and Macrophage Necrosis: Is There a Big 
ConNECtion? MBio 2016; 7(1): e01589–15. [PubMed: 26758178] 

136. Organization WH. The role of surgery in the treatment of pulmonary TB and multidrug-and 
extensively drug-resistant TB. Geneva, Switzerland: WHO 2014.

137. Francis RS, Curwen MP. Major Surgery for Pulmonary Tuberculosis: Final Report. Tubercle 
1964; 45: SUPPL:5–79.

138. Kempker RR, Vashakidze S, Solomonia N, Dzidzikashvili N, Blumberg HM. Surgical treatment 
of drug-resistant tuberculosis. The Lancet Infectious Diseases 2012; 12(2): 157–66. [PubMed: 
22281142] 

139. Marrone M, Venkataramanan V, Goodman M, Hill A, Jereb J, Mase S. Surgical interventions for 
drug-resistant tuberculosis: a systematic review and meta-analysis. The International Journal of 
Tuberculosis and Lung Disease 2013; 17(1): 6–16. [PubMed: 23232000] 

140. Organization WH. Companion handbook to the WHO guidelines for the programmatic 
management of drug-resistant tuberculosis. 2014.

141. Chang KC, Leung CC, Yew WW, Ho SC, Tam CM. A nested case-control study on treatment-
related risk factors for early relapse of tuberculosis. Am J Respir Crit Care Med 2004; 170(10): 
1124–30. [PubMed: 15374844] 

142. Jo KW, Yoo JW, Hong Y, et al. Risk factors for 1-year relapse of pulmonary tuberculosis treated 
with a 6-month daily regimen. Respir Med 2014; 108(4): 654–9. [PubMed: 24518046] 

143. Nahid P, Dorman SE, Alipanah N, et al. Official American Thoracic Society/Centers for Disease 
Control and Prevention/Infectious Diseases Society of America Clinical Practice Guidelines: 
Treatment of Drug-Susceptible Tuberculosis. Clin Infect Dis 2016; 63(7): e147–e95. [PubMed: 
27516382] 

144. Savic RM, Weiner M, MacKenzie WR, et al. Defining the optimal dose of rifapentine for 
pulmonary tuberculosis: exposure–response relations from two phase II clinical trials. Clinical 
Pharmacology & Therapeutics 2017; 102(2): 321–31. [PubMed: 28124478] 

145. Dorman SE, Goldberg S, Stout JE, et al. Substitution of rifapentine for rifampin during intensive 
phase treatment of pulmonary tuberculosis: study 29 of the tuberculosis trials consortium. J Infect 
Dis 2012; 206(7): 1030–40. [PubMed: 22850121] 

146. Kempker RR, Heinrichs MT, Nikolaishvili K, et al. Lung tissue concentrations of pyrazinamide 
among patients with drug-resistant pulmonary tuberculosis. Antimicrobial agents and 
chemotherapy 2017: AAC. 00226-17.

147. Ross J, Kay D. A review of 138 cases of closure of tuberculous lung cavities under chemotherapy. 
Thorax 1956; 11(1): 1. [PubMed: 13311854] 

148. Hermel M, Gershon-Cohen J. Healing Mechanisms of Tuberculous Cavities. Radiology 1954; 
63(4): 544–9. [PubMed: 13204615] 

149. Theegarten D, Kahl B, Ebsen M. Frequency and morphology of tuberculosis in autopsies: 
increase of active forms. Deutsche medizinische Wochenschrift (1946) 2006; 131(24): 1371–6. 
[PubMed: 16783670] 

Urbanowski et al. Page 19

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



150. Corbetta L, Montinaro F, Rogasi PG, et al. Improvement in tubercular cavities following adjuvant 
treatment with endobronchial valves: a case report [Correspondence]. The International Journal 
of Tuberculosis and Lung Disease 2013; 17(6): 850–1. [PubMed: 23676177] 

Urbanowski et al. Page 20

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key points:

• Cavitation is a dangerous consequence of pulmonary TB associated with poor 

outcomes, treatment relapse, higher transmission rates, and development of 

drug resistance

• Modeling cavities for preclinical studies is challenging since cavities are the 

consequence of complex and heterogeneous host-pathogen interactions

• Recent advances in modeling TB cavities enable studies that probe the 

complex pathologic niche occupied by M. tuberculosis bacilli within the 

cavity wall

• Cavitation as a complex phenotype driven by biochemical, biophysical, 

immunological, and microbiological processes which need to be better 

understood to be targeted with potential therapies

• Drug penetration into cavitary lesions should be a consideration when 

selecting anti-TB drugs for clinical trials and treatment regimens should be 

optimized for patients with cavitary disease
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Figure 1. 
Why is cavitary TB so hard to treat? (A) High concentrations of extracellular bacteria grow 

in the loose necrotic debris at the interior surface of the cavity.6 (B) The bacterial 

proliferation leads to replication induced mutations at drug-resistance determining loci and a 

high probability of mutants with acquired drug resistance.8,9 (C) Extracellular collagen 

matrix is depleted within caseous lesions and in the cavity wall. Depletion of extracellular 

collagen matrix facilitates the formation and growth of cavities since the remaining necrotic 

debris are easily evacuated through an adjoining bronchus. Once depleted, the healing 
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response is unable to regenerate the basement membrane or lung tissue. Individuals face 

lifelong pulmonary deficits and a high-risk for opportunistic infections within persistent lung 

cavities. (D) The inner layer of the cavity wall is composed of necrotic debris. Few immune 

cells penetrate this region to aid in control over M. tuberculosis replication, and this 

contributes to the high bacterial burden. (E) Vascular necrosis around the cavity and strong 

drug-binding properties of caseum result in poor anti-mycobacterial drug penetration which 

also contributes to the high bacterial burden.13,16,131 The effects of sub-optimal drug 

penetration may also drive selection for drug-resistant mutants.17 (F) Cavities often persist 

even after they are sterilized of mycobacteria and are replaced with scar tissue (closed 

healing). Therefore, cavitation can lead to loss of lung volume and chronic pulmonary 

deficits.19 If the cavities persist following curative therapy (open healing), then they become 

a vulnerable environment for secondary colonization by opportunistic infections. The 

combination of warm temperatures, high humidity, immune-sheltering, and lack of innate-

defenses provide an opportunity for secondary colonization, often by Aspergillus spp.
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Figure 2. 
The architecture of TB cavities. (A) A transverse lung field CT-scan reconstruction from a 

TB patient showing a large cavity. (B) The bronchopulmonary segment distribution of 287 

cavities from the TB Portals Program database are represented as a heatmap of the % of total 

cavities evaluated. (C) Location and size of cavities analyzed in B. (D) A gross image of a 

large apical cavity from a TB patient. The image was obtained from the autopsy record of 

the Johns Hopkins Hospital and used with permission of the Johns Hopkins University 

Chesney Medical Archives. (E) Histology of the cavity wall of an immunocompetent human 

patient with pulmonary TB. Each high magnification image is a serial section from the field 

identified by the box in the low magnification image of the entire cavity. Data for A-C were 

obtained from the TB Portals, which is an open-access TB data resource supported by the 

National Institute of Allergy and Infectious Diseases (NIAID) Office of Cyber Infrastructure 

and Computational Biology (OCICB). These data were collected and submitted by members 

of the TB Portals Consortium. Investigators and other data contributors that originally 

contributed the data to the TB Portals did not participate in the design or analysis of this 

study.
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Figure 3. 
Radiologic and histologic examples of cavities from cavitary TB models. Cavities in animal 

models infected with M. tuberculosis have similar radiological and histological 

characteristics to those found in humans. (A) Common marmoset (adapted with permission 

from Via et al.57) (B) New Zealand white rabbit. (C) C3HeB/FeJ mouse (adapted with 

permission from Ordonez et al.72).
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Figure 4. 
Overview of the drivers of pulmonary cavitation in TB. (A) The biochemical drivers of 

cavitation cause basement membrane destruction and pathologic fibrosis. Black arrows 

indicate extracellular signaling pathways. ECM = extracellular matrix. (B) The biophysical 

drivers of cavitation. The prefix ‘p’ indicates the partial pressure of gases in each type of 

cavity compartment. Black arrows denote the bulk flow of air due to respiratory motion 

and/or influence by caseous occlusion (yellow material). (C) A possible model outlining the 

microbial drivers of cavitation. The model is based heavily on Yamamura and colleagues’ 

seminal work on the cavity-inducing constituents of the heat-inactivated bacillus. Figure S5 

provides an overview of Yamamura’s experiments. (+) indicates that the chemical 

constituent has a role in increasing a given process. (−) indicates that the chemical 

constituent has a role in decreasing a given process. (D) The immunological profile of 

cavitary TB in the bronchoalveolar lavage/sputum compartment and the peripheral blood 

compartment. All comparisons are from studies comparing individuals with cavitary TB to 

individuals with non-cavitary TB. ↑ indicates an increased concentration of cells or 

cytokines. ↓ indicates a decreased concentration of cells or cytokines. ↔ indicates no 
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difference observed between groups. Double arrows (e.g. ↑↑) indicate a strong trend. Table 

S2 shows the magnitude of these trends with study citations.
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